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. PROGRAM OBJECTIVES AND SUMMARY 
The prediction of design and remaining life of several heavy 
section components which are subjected to elevated temperatures 
in energy conversion machinery require accurate methods for 
predicting crack growth behavior in the presence of time-
dependent creep strains. Significant progress has recently been 
made in extending the linear-elastic and elastic-plastic fracture 
mechanics concepts into the creep regime. Thus, the use of 
fracture mechanics for predicting the crack growth life of 
elevated temperature components is a viable approach. However, 
serious deficiencies exist in the understanding of the damage 
mechanisms that lead to time-dependent crack growth. 
Specifically, the interactions between creep and fatigue damage 
mechanisms for slow frequency cyclic loading are not well 
understood. Therefore, cumulative damage laws for creep-fatigue 
loading based on physical damage mechanisms are non-existent. 
The objective of this study is to conduct creep and creep-
fatigue crack growth tests and to characterize the crack tip 
damage mechanisms in a model material which is known to cavitate 
at the grain boundaries under creep deformation. The above data 
and observations will be used to develop mechanistic models for 
cumulative crack tip damage under complex loading conditions at 
elevated temperature. The application of these models will also 
be extended to situations involving non-periodic loading. The 
results of this program will be integrated into an Electric Power 
Research Institute (EPRI) sponsored study (also to be conducted 
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at Georgia Tech under the direction of Dr. A. Saxena) for 
characterizing the creep-fatigue crack growth behavior of Cr-Mo-V 
steels. The techniques to be used for detection of crack tip 
damage include electron metallography, x-ray and electron 
radiography and small angle neutron scattering (SANS). 
The proposed program is being conducted over a period of 
thirty six months in four distinct tasks listed below: 
Task 	Material Selection and Characterization 
Task II 	Creep and Creep-Fatigue Crack Growth Testing 
Task III Characterization of the Influence of Loading Transients 
Task IV 	Crack Tip Damage Characterization 
The program was initiated on 7/1/86. During the period 
7/1/86 to 2/15/87, the model test material was selected and a 
heat 
	
the material was produced and processed. 	Considerable 
progress has been made in Task I and some progress has also been 
made on Tasks II and IV. This progress is summarized in Section 
2 of this report. 
2. TECHNICAL PROGRESS 
2.1. Material Selection and Procurement 
The model test material selected was copper with 1 weight 
percent antimony as indicated in the original proposal. The 
segregation of antimony to the grain boundaries embrittles the 
material considerably at room temperature and causes the fracture 
to occur exclusively at the grain boundaries. This will allow 
the precise determination of the grain boundary damage due to 
prior creep or creep-fatigue loading. 
Specifications were developed for producing a special 200 
lb. heat of antimony-copper for testing in this project. After 
detailed discussion with several vendors, a contract was placed 
(through the DOE field office) with the Metal Processing Theory 
and Practice Group of the Oak Ridge National Laboratory, Martin 
Marietta Energy Systems to produce the test material. 
Oxygen free copper (99.99 percent) and pure antimony (99.999 
percent) were melted in a vacuum induction furnace and cast into 
a 5 inch diameter billet. The billet was homogenized at 950 C 
for five hours and then extruded into a rectangular bar of 2 3/4" 
x 2" at a temperature 700 C. The bar was ultrasonically tested 
for defects. 	The areas giving rise to defect indications were 
marked to avoid taking test samples from those regions. 	The 
defective regions were a very small portion of the material, and 
sufficient material is available for conducting the test program. 
2.2. Material Characterization 
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' Microstructure and Auger Results 
Due to the hign extrusion temperatures the microstructure 
after extrusion consisted of annealed eauiaxed grains. Pieces of 
this material were annealed at 500 C to determine if further 
annealing of any residual cold work from the extrusion process 
was necessary. Even several hours at 500 C did not change the 
grain size or hardness of the material significantly. Figure 1 
shows the as extruded microstructure of the material. The 
average grain diameter was approximately 90 
The average antimony content analysis was performed by x-ray 
fluorescence. 	This analysis showed an antimony content of 0.98 
percent by weight which was well within our specifications. 	A 
more detailed analysis including contents of the trace elements 
is being performed by ORNL and will be reported in later reports. 
Since the extrusion temperature was high enough to permit 
segregation of antimony to the grain boundary, it was suspected 
that the material would be quite embrittled in the as extruded 
conditions. Small Charpy-type specimens were machined from the 
material and were fractured by impact loading. Figure 2 shows a 
SEM micrograph of the fracture surface. The fracture was 100 
percent inter-granular. 
In order to assure that the segregation of antimony was 
nearly complete in the as extruded material, the following 
experiments were conducted. A small piece of the test material 
was heat treated at 675 C for twenty four hours in an inert 
environment. 	Subsequently, small cylindrical specimens with 
notches for Auger analyses were prepared from this piece and also 
from the as extruded material. Figures 3a and b show the results 
of the Auger analysis of the heat treated and as extruded pieces, 
respectively. The intensity of the antimony peaks are comparable 
in both materials. The grain boundary concentration of antimony 
was approximately nine wt. percent and dropped to two percent 
after sputtering in both cases. From these results, it was 
concluded that no further segregation treatments were required 
for this material. 
2.2.2. Tensile Properties 
The short-term tensile properties of the test material were 
obtained by testing standard cylindrical specimens which were 
6.25 mm diameter at test temperatures of 400, 425 and 452 C. 
These data are reported in Table I. Comparison is also made with 
previous results from oxygen saturated (OS) and oxygen free (OF) 
copper (1). Addition of one percent antimony considerably alters 
the tensile stress-strain response of copper. The 0.2% yield 
strength increases significantly and the percentage elongation 
decreases significantly with the addition of antimony. This 
result is particularly encouraging from the stand-point of the 
goals of the project. Small-scale-yielding (SSY) and small-
scale-creep (SSC) conditions can be produced in 50 mm wide 
compact type (CT) specimens. Sy using smaller size specimens 
large scale yielding and extensive creep conditions can be 
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obtained. 	Thus, the damage _distribution ahead of the crack tip 
under these very different conditions can be compared for creep 
and creep-fatigue conditions. 
9 . 2 .3. Creep Deformation Behavior of the Test Material 
Figure r shows the minimum creep deformation rate as a 
- -lotion of stress for the test material for two test 
temperatures. These tests were conducted to primarily select the 
test temperature for the remainder of our studies. The creep 
behavior is also compared with similar data on copper and 
ahimonyecopper available in the literature (2,3). 
The creep deformation rates are sensitive to the grain size 
in copper and antimony-copper. The smaller grain size 
accelerates the creep rate due to increased grain boundary 
sliding and also to the presence of more grain boundary facets on 
which cavities can nucleate and grow. The creep rates measured 
on our test material appear to be somewhat faster than those 
observed by Tipler and McLean (2). The difference could be 
rationalized by the differences in grain diameter which was 280 
for their material as compared to 90 !.!in for our material. We 
will be conducting our future tests at 400 C. Two tests are 
already in progress and more creep deformation data will be 
available shortly. 
2.3 Damage Characterization Studies 
Feasibility studies were made on potential techniques for 
7 
smaii angle neutron scattering (SANS), 
electron radiography (ER) , synchrotron :?-ray micro--radiography 
and - 	 using St;'t4. The SANS experiments and the 
electron radiog -2aphy were performed at ORNL (National Center for 
Small Angle Scattering Research and Hgh Voltage Electron 
Microscopy Facility) in collaboration with Drs. Stephen Spooner 
and Joachim Schneibel, respectively. Crept copper specimens, 
described below, were examined with SANS and ER in the early 
stages of our program, when the copper-antimony material was not 
available: testing conditions were chosen to produce cavities 
similar to what we would expect for the Cu-Sb material (4,5). 
The Cu-Sb specimens have been studied with SXMR and surface 
fractography. Our experience indicates that SXMR and 
fractography, along with computed microtomography (described in 
the continuation proposal), will be the optimum techniques for 
damage characterization. 
Conventional SANS as well as high resolution, double crystal 
SANS (pre-specimen collimator and post specimen analyzer) were 
used to study two polycrystalline copper specimens crept at 405 C 
and under applied stresses of 4174 and 4505 psi for 10.8 and 23 8 
hrs., respectively. The specimens were right cylinders with 5mm 
thickness and 10mm diameters. Linear Guinier plots could not be 
obtained, indicating that a significant fraction of the cavities 
were too large (>1!=) for an average cavity size to be determined 
with small angle scattering (Fig. 5). Linear Porod plots could 
be obtained, however, so that the surface to volume ratios are 
damage characterization: 
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known (Fig. 6). 	Without knowing the average scatterer size and 
the number of scatterers, normally provided by the analysis of 
linear Guinier plots, little progress can be made. High 
precision densitometry can be used to furnish some additional 
information (4), but this approach involves making significant 
assumptions. 
The evaluation of ER was with our JEOL 100C TEM and with the 
ORNL HVEM. Specimens were mechanically polished to thicknesses 
of about 35 gm using a final polish of 0.05 gm diamond paste. 
Occasional voids could be observed within specimens with both 
microscopes, but their images were weak and extremely difficult 
to record. 	Figure 7 shows a typical image recorded at 5000X 
magnification. 
X-ray imaging methods appear to be very promising, based on 
our work to date. Synchrotron microradiography using white 
radiation was performed at the Stanford Synchrotron Research 
Laboratory (SSRL) on a cracked, Cu-Sb compact tension specimen. 
The specimen had been pre-cracked in fatigue and was crept at 400 
C under 532 pounds load for 41.2 hrs. Subsequently a 1mm section 
was cut from near the center of the specimen and was mechanically 
polished to a final thickness of 250 gm. Radiographs were 
recorded with the beam at normal incidence and at +10 and -20 
deg. from normal incidence (Fig. 8). Exposure times were about 
0.1 sec. We note that considerably thicker specimens can be 
examined. The images do not reveal any cavities greater than 5 
pm in diameter, which is in agreement with the results of 
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fractography described in the following paragraph. 	For these 
test conditions rapid crack growth was obtained, yielding little 
opportunity for cavitation. 	The transition from the room 
temperature pre-crack to the creep crack is evident in the 
radiographs (labeled by T). 	The different projections show the 
three-dimensional nature of the crack. 	We are currently 
developing computer programs which will allow the (x,y,z) 
coordinates of discrete features to be obtained from the (x',y') 
coordinates from different projection directions. 
SEM fractography was performed on the creep crack growth 
specimen and on a creep deformation specimen. The average creep 
crack growth rate of the compact type specimen was on the order 
of 10 -3 in/hr. which is considered too fast for cavitation type 
damage to develop. 	The SEM analysis of the fracture surface 
confirmed this suspicion. 	Few cavities were formed on the 
feature surface. In the future, tests will be conducted at lower 
creep crack growth rates to allow sufficient time for cavitation 
damage to develop ahead of the crack tip. 
Figure 9 shows the SEM fractograph of a creep deformation 
specimen. The specimen was strained to 2.2 percent creep strain 
at 410 C and a stress level of 2000 psi. A sharp notch was cut 
in the gage length of the specimen with a saw and it was 
fractured by impact loading. This picture showed three large 
cavities and several small cavity like features on the grain 
boundary facets. The small, cavity-like features have not been 
definitely identified yet. Transmission electron microscopy 
10 
(TEN) is planned to determine if these features are due to oxides 
or if they are in fact small cavities of a critical nucleus size. 
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Material (C) (psi) (psi _ ) in 	1" n (5) 
0S-Cu (1) 400 4700 (2) 6200 3 
, 425 4600 (2) -- 2.5 
450 4400 (2) 2.5 
OF -Cu (1) 400 990 0( 2 ) 8300 18 
425 2250 (2) 16-17 
450 2300 (2) 15 
Cu - Sb 400 9300 14,900 7 .21 27,900 
475 8100 13,400 .20 24,700 







From the work of Nieh (1). 
These are estimates from Nieft's graphs. 
= .60 /min. for tests by Nieh. 
= .50%/min. in present study. 
and n represent constants in the equation is v = K fl . 





Fig. 1 - Microstructure of the as extruded antimony-copper alloy. 
Fig. 2 - SEM photomicrograph of the fracture produced at room 
temperature in the antimony-copper material. 
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Fig. 3 - Auger Spectrum of the (a) as-extruded and (b) as-
extruded plus 24 hours at 675 C specimens of Sb-Cu. 
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❑ = T: 400° C & GS: 780A m (1) 
h = T: 400° C & GS: 120 gm (1) 
- • = T: 400°C & GS: 30 Am (2) 
+ = T: 400°C & GS: 280,km Cu—Sb(1) 
- x = T: 393°C & GS: 90Am (3) 
v = T: 410°C & GS: 90 km (3) 
- (1) H.R.Tipler and D. McLean 
Metal Sol. J. 4, 103 (1970) 
- (2) P. Feltham and J.D. Meakin 
Aota Met. 7, 014 (1959) 






1 + 	 I 	I 	I 
ci 
Stress CY (Ks i) 
Fig. 4 - Minimum creep rate as a function of applied stress at 
400 C for copper and antimony-copper. 
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Figure 5 - Guinier Plot of neutron scattering from copper crept 
at 405 C. This data was obtained using a double 
crystal small angle scattering apparatus. The plot of 
In I as a function K 2 is not linear even at the 
smallest values of K. 
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Figure 6 - Plot of intensity multiplied by K 4 as a function of K. 




Figure 7 - Electron radiography of a creep cavity in copper. The 
magnificaiton is 5000X. 
19 
Figure 8 - Synchrotron microradiographs of a cracked Cu-Sb 
specimen. The 250 gm thick specimen was cut from the 
center of the specimen perpendicular to the plane of 
the crack. Radiographs recorded at different 
orientations of the specimen relative to the beam are 
shown: a) beam normal to specimen, b) beam at +10° 
angle of incidence and c) beam at -20° angle of 
incidence. 
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Fig. 9 - 	Photomicrograph of grain boundary cavities in a creep 
deformation specimen tested at 400 C and a stress 
level of 13.8 MPa. 
21 
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1. PROGRAM OBJECTIVES AND SUMMARY 
The prediction of design and remaining life of several hrvy 
section components which are subjected to elevated temperatures 
in energy conversion machinery require accurate methods for 
predicting crack growth behavior in the presence of time-
dependent creep strains. Significant progress has recently been 
made in extending the linear-elastic and elastic-plastic fracture 
mechanics concepts into the creep regime. Thus, the use of 
fracture mechanics for predicting the crack growth life of 
elevated temperature components is a viable approach. However, 
serious deficiencies exist in the understanding of the damage 
mechanisms that lead to time-dependent crack growth. 
Specifically, the interactions between creep and fatigue damage 
mechanisms for slow frequency cyclic loading are not well 
understood. Therefore, cumulative damage laws for creep-fatigue 
loading based on physical damage mechanisms are non-existent. 
The objective of this study is to conduct creep and creep-
fatigue crack growth tests and to characterize the crack tip 
damage mechanisms in a model material (copper with 1 wt percent 
antimony) which is known to cavitate at the grain boundaries 
under creep deformation. The above data and observations will be 
used to develop mechanistic models for cumulative crack tip 
damage under complex loading conditions at elevated temperatures. 
The application of these models will also be extended to 
situations involving non-periodic loading. The results of this 
program will be integrated into an Electric Power Research 
Institute (EPRI) sponsored study (also being conducted at Georgia 
Tech under the direction of Dr. A. Saxena) for characterizing the 
creep-fatigue crack growth behavior of Cr-Mo-V steels. The 
techniques being used for detection of crack tip damage include 
optical metallography, scanning electron microscopy, x-ray 
radiography computed tomography and small angle neutron and x-ray 
scattering (SANS and SAXS). 
The proposed program is being conducted over a period of 
thirty six months in four distinct tasks listed below: 
Task I 	Material Selection and Characterization 
Task II Creep and Creep-Fatigue Crack Growth Testing 
Task III Characterization of the Influence of Loading Transients 
Task IV Crack Tip Damage Characterization 
The program began on 7/1/86. The progress for the period 
7/1/86 to 2/15/87 was reported previously [1]. During the period 
of 2/16/87 to 2/15/88, considerable progress was made on all four 
tasks which is described in detail in the remainder of the 
report. 
Briefly, Task I was completed by finishing the creep 
deformation and rupture tests. Four creep crack growth tests 
were performed and extensive characterization of the crack tip 
damage was conducted using optical, scanning electron microscopy 
and x-ray radiography. It was shown that the volume fraction of 
cavitation damage at the crack tip is uniquely related to the 
applied magnitude of C t during creep crack growth. Unconstrained 
cavitation damage at the crack tip leads to crack branching, and 
the creep crack growth rates then no longer correlate with C t . 
Several creep-fatigue crack growth tests were completed at 
different loading frequencies and waveform. These tests were 
conducted in ultra-high-purity nitrogen environment in a chamber 
specially designed and fabricated for these tests. Both loading 
waveform and frequency were shown to have a significant effect on 
the crack growth rate and the damage developed in the crack tip 
region. 
The program is now at its mid-point and significant results 
and papers have already been produced (3 papers and 5 conference 
presentations). In the next few months we will be concentrating 
on reporting the latest results in leading journals. One student 
who was entirely supported on this program received his M.S. 
degree and is currently working in the Aerospace industry. 
2. TECHNICAL PROGRESS 
2.1 Material Characterization 
The model test material selected was copper with 1 weight 
percent antimony as mentioned before. The segregation of 
antimony to the grain boundaries embrittles the material 
considerably at room temperature and causes the fracture to occur 
exclusively at the grain boundaries. This allows precise 
determination of the grain boundary damage due to creep or creep-
fatigue loading. 
The details of the processing and microstructural analysis 
of the material were included in a previous report (1]. Briefly, 
oxygen free copper (99.99 percent) and pure antimony (99.999 
percent) were melted in a vacuum induction furnace and cast into 
a 5 inch diameter billet. The billet was homogenized at 950 C 
for five hours and then extruded into a rectangular bar of 2-3/4" 
x 2" at 700°C. The bar was ultrasonically tested for defects. 
The areas producing to defect indications were marked to avoid 
taking test samples from those regions. The defective regions 
were a very small portion of the material, and sufficient 
material is available for conducting the test program. 
The results of the Auger analysis for characterizing 
antimony segregation chemical analysis, will not be repeated here 
and can be found in last year's report and also in Ref (2]. 
Instead, this section contains results from tests performed 
during this reporting period which include the creep deformation 
and rupture tests. 
All mechanical testing in this program was conducted at 
400°C. Figure 1 shows a plot of the minimum creep rate as a 
function of applied stress for the test material. Data from 
previous studies on creep of copper are provided for comparison. 
The pre-exponent constant, A and the exponent n, were determined 
from this data. The full creep curves revealed that tertiary 
creep was important and that little or no primary creep was 
observed in these tests. Constitutive equations were derived 
from the data to include contributions from tertiary creep as 
well. The complete test results are reported in a recent M.S. 
thesis [2]. All tested specimens were subjected to a detailed 
damage characterization. Those results will be briefly 
summarized later in this report. A few creep tests were 
interrupted at various percentages of life to determine creep 
cavity growth rates during various stages. 
Figure 2 shows a typical creep curve along with the cavity 
sizes observed at various life fractions during the test. The 
test conditions and the cavity sizes and spacings are labelled on 
the figure. Even at one percent of creep life, micron-size 
cavities are present in this material. The onset of tertiary 
creep appears to coincide with coalescence of cavities and occurs 
at approximately 60 percent of life. Rice's model [3] predicts 
the cavity growth rate during steady-state creep to within five 
percent of the measured rates (see [2] for details). These 
results are used in evaluating models for describing the creep 
crack growth process. 
2.2 Creep and Creep-Fatigue Crack Growth Testing 
Four compact type specimens were tested at different load 
levels to characterize the creep crack growth behavior of this 
material. The crack growth rate as a function of C t parameter is 
shown in Figs. 3 and 4. In Fig. 3, all measured creep crack 
growth rates are reported and it appears that a poor correlation 
is observed between da/dt and C t . To investigate this further, 
all tested specimens were subjected to a thorough metallographic 
examination at the crack tip. In two of the four specimens, 
considerable crack branching was observed, Fig. 5. The 
cavitation during crack branching was unconstrained. On the 
other hand, when a single dominant crack was present, the 
cavitation at the crack tip was constrained and was also 
localized in the crack tip region. Figure 4 shows the da/dt 
versus C t relationship which include only those, data points which 
were obtained during the period in which the cavity growth was 
constrained. There now appears to be a reasonable relationship 
between da/dt and C t among these data points. More work is 
currently being conducted to investigate this further. These 
tests will be on specimens which are redesigned to promote 
constrained damage at the crack tip and also be conducted in a 
non-oxidizing environment to protect the crack growth surface for 
examination. 
One of the objectives of the creep crack growth experiments 
was to produce two specimens with comparable C t values with one 
undergoing small scale creep and the other undergoing extensive 
creep. By characterizing damage ahead of the crack tip in these 
specimens, we could attempt to understand why C t is able to 
normalize creep crack growth data under a wide range of creep 
conditions. There is considerable evidence in the literature 
that Ct does normalize creep crack growth rates for conditions 
ranging from small scale creep to extensive creep (3-5]. 
It was experimentally difficult to produce two specimens 
with identical Ct values. However, we managed to achieve that 
goal approximately. Specimen CT-2 shown in Figs. 3 and 4 was in 
extensive creep condition and had a C t value of 0.0162 in lbs/in 2 
 hr. Specimen CT-5 was in small scale creep condition and had a 
C t value of 0.0105 in lbs/in2 hr. Figures 6 and 7 show the 
cavity diameter and area density, respectively as a function of 
the distance from the crack tip. The ratio of the total cavity 
volume in the crack tip region to the total volume of the damaged 
region of the specimen (described in the daiage characterizaiton 
section) was calculated for CT-2 and CT-5. The ratio of these 
values of accumulated damage for specimen CT-2/CT-5 was 1.5 which 
compared well with the value of 1.54 for the ratio of the two Ct 
 values. Hence, Ct can be understood as a parameter which assures 
similitude conditions with respect to constrained crack tip 
damage. This is one of the significant findings of this study. 
Figure 8 shows the results of seven creep-fatigue crack 
growth tests which have been completed to date. All tests were 
conducted at 400°C. Two initial tests conducted in air at 1.0 
Hertz showed that the oxide thickness in the wake of the crack 
was large and was causing high crack closure loads. Also, the 
fracture surface was coated with a thick oxide and no 
fractography of the failed specimens was possible. To alleviate 
these problems, major effort was spent in designing and 
fabricating a test chamber to conduct subsequent tests in a 
nonoxidizing environment (ultra-high-purity nitrogen). The test 
chamber fabrication was completed six months ago and we have now 
also completed several tests as seen in Fig. 8. 
In high temperature fatigue crack growth testing in air, 
thick layers of oxide are often formed on the fracture surface 
which wedge open the crack during unloading considerably 
decreasing the applied driving force. To assess the influence of 
oxide induced crack closure, the results of the 1Hz test in air 
can be compared with the 10Hz data in N 2 . It appears that the 
oxide induced crack closure at 1.0 Hz played a significant role 
by decreasing effective AK and thereby the crack growth rate. It 
is also seen that the crack growth rates increase with increasing 
cycle time. There also seems to be a significant influence of 
the loading waveform. These effects are rationalized by time-
dependent damage accumulation at the crack tip under the varying 
loading conditions. 
The time-dependent damage during creep-fatigue is clearly 
grain boundary cavitation as shown in Fig. 9. The damage ahead 
of the crack tip for various loading frequencies and waveforms 
was quantified by determining the average diameter of cavities, 
cavity density and percent grain boundary area cavitated. 
Typical results of these measurements are shown in Figs. 10 to 
12. In general, the percent area cavitated and the cavity 
density increase as the crack tip is approached. Also, the over 
all cavitation damage increases with increase in cycle time 
(decreasing frequency). From the present data, no consistent 
trends with loading waveforms are apparent. This may change as 
more data become available. 
In Fig. 12, the average cavity diameter as a function of 
distance from the crack tip is compared for pure creep and creep-
fatigue loading. Although, the magnitude of the crack driving 
forces are quite different in these loadings, some trends are 
obvious and interesting. For example, the cavity diameter rises 
sharply as the crack tip is approached. On the other hand, 
cavity sizes decay at a much smaller rate as a function of crack 
tip distance indicating that considerable cavity growth occurs in 
the elastic field outside the creep zone. This observation has 
interesting implications on the waveform effect during creep-
fatigue. This will be explored more fully during subsequent 
testing and damage evaluation studies. 
2.3 Influence of Loading and Crack Growth Transients 
When creep crack growth tests are initiated, the growth rate 
goes through a transient region within which no unique 
relationship between da/dt and a crack driving force parameter 
such as C . or C exists. A schematic of such behavior is shown 
in Fig. 13. The initial crack growth rates are dependent on the 
starting value of C. The period during which the crack growth 
is retarded is often called the incubation period and is related 
to the establishment of damage at the crack tip from an initially 
undamaged state. We will soon begin experiments on the model 
material to experimentally characterize these transients. 
Understanding of these transients may also hold the clue to 
understanding creep-fatigue interactions as explained below. 
Figure 14 shows the da/dt versus C t behavior of creep-fatigue 
tests under a trapezoidal waveform [6]. Only contribution due to 
time-dependent crack growth during hold time is included. For 
comparison, creep crack growth data under static load are also 
plotted. The influence of unloading is to retard the crack 
growth rate in this material. this retardation may be due to a 
fresh incubation period following each unloading. A detailed 
understanding of this phenomenon is necessary for building 
accurate models for predicting the crack growth behavior under 
creep-fatigue conditions and will be the focus of future work on 
this project. 
2.4 Damage Characterization 
Optical and scanning electron microscopy (OM and SEM, 
respectively) were the principal techniques used for damage 
characterization. Sections parallel to the stress axis and 
through the center of the cylindrical creep specimens were 
polished and examined with OM to study gradients of cavitation 
damage normal to the rupture surface. Creep, creep crack growth 
and fatigue crack growth specimens were fractured at room 
temperature, and the exposed, damaged grain boundaries were 
studied subsequently with SEM. Volume fraction, areal fraction 
and average diameter of cavities were determined using standard 
stereological point and linear probes. 
Sections with thicknesses between 0.4 and 1.0 mm were cut 
from the center of the creep and creep crack growth samples for 
microradiographic study. Synchrotron white radiation from the 
Stanford storage ring and from the Daresbury storage ring were 
used to study specimens 1A and 3C (creep) and CT2, CT4 2 and CT5 
(creep crack growth). Samples with cross-sectional areas of 1 mm 2 
 or less have been cut from the creep specimens 1A and 3C (normal 
to the rupture plane) for microtomographic characterization. 
Preliminary scans will be completed in the next several months 
and should allow evaluation of this nondestructive examination 
technique for cavitation damage studies. Digital radiography 
using a 10 gm diameter beam and electronic detector (the term 
"microradiography" is used to denote film methods) is a second 
novel approach to damage characterization, and its feasibility is 
currently being assessed by studies of sample CT5. 
Creep Deformation Results 
Results from stereological or quantitative microscopy are 
shown in Figure 15 for samples tested at 3.5, 5, 6 and 8 ksi 
(sample numbers 1A, 4D, 2B and 3C, respectively). A substantial 
gradient in volume fraction of cavities (Vv ) is evident, and with 
the exception of the 5 ksi sample, increasing stress led to 
decreased damage. It is interesting to note that V v for the 3.5, 
6 and 8 ksi specimens appeared to approach an asymptotic value at 
different distances from the rupture surface. This value was on 
2 . This sample was studied using laboratory x-radiation. 
the order of that reached at 60% of lifetime at 6 ksi 
(interrupted test 31). 
The results suggest that the gradients in Vv are due to 
necking or plastic instability. It is clearly inappropriate to 
take the damage level near the rupture surface as representative 
of the state of "100 percent damage." A superior measure of 100 
percent damage would be that level necessary to induce 
macroscopic instability in the creep specimen. For 6 ksi this 
value is 4 volume percent, and for 8 and 3.5 ksi it appears to be 
somewhat lower and higher, respectively. 
As noted above the 5 ksi test results were anomalous; a 
second creep specimen is being tested under identical conditions. 
The microstructure and testing records are also being examined to 
determine the origin of the observed behavior. 
Radiographs of samples crept at 3.5 and 8.0 ksi are shown in 
Figure 16. The damage gradient from the rupture surface is 
clearly evident as is the difference in the level of damage in 
each specimen. A significant amount of labor is involved in 
converting the analog record (film) into numerical form. 
However, OM with stereological analysis provides the same 
information on a more practical basis. The major advantage of 
radiography is its examination of a much greater volume of 
material. High resolution computed tomography and digital 
radiography are being examined to combine this advantage with 
that of direct numerical data acquisition. 
Grain boundary cavity dimensions were observed subsequent to 
room temperature fracture by SEM, and Figure 2 shows micrographs 
from specimens tested at 3.5 ksi to 1 percent and 100 percent of 
life and at 6.0 ksi to 60 percent of life. The average cavitiy 
diameter and areal density of cavities were 3.2 pm and 2.07 x 10 3 
 mm-2 and 12.1 gm and 1.72 x 10 3 mm-2 for the 1 and 60 percent of
lifetime specimens, respectively, and could not be determined for 
the 100 percent specimen. When testing on the other interrupted 
creep deformation specimens is completed, further cavity 
measurements will be made. 
Creep Crack Growth Results 
Metallographic examination showed intergranular, planar 
crack growth for specimens CT2 and CT5 and considerable crack 
branching for CT3 and CT4. The average cavity diameter and 
number density were computed from a 1.0 gm diameter area directly 
ahead of the crack tip and were 23.3 gm and 8.8 x 10 1 mm -2 and 19 
gm and 1.19 x 10 2 mm -2 for CT2 and CT5, respectively. These 
quantities were measured above and below the average crack plane 
for sample CT4 because the crack tip was not well-defined. 
Before the crack branched the average diameter was 25.2 pm and 
after branching it was 37 pm; the corresponding number densities 
were 7.6 x 10 1  and 1.03 x 10 2 mm-2 , respectively. The crack 
branching in samples CT3 and CT4 appeared to be due to 
microcracking resulting from coalescence of large cavities ahead 
of the crack tip. 
Fracture of samples CT2 and CT5 at room temperature (after 
testing was complete) allowed grain boundary cavity diameters and 
number densities to be measured as a function of distance ahead 
of the crack tip (Figs. 6 and 7). 	Cavity diameter and number 
density decreased for both samples as distance increased, and the 
values were comparable. Average cavity diameters were larger for 
CT2 than for CT5, but the opposite was true for number density. 
As indicated above, the final values of C t were also comparable, 
lending credence to the view that C t is linked to the total 
damage accumulated within the specimen. 
Comparison of the C t values requires calculation of the 
diffential volume fraction of cavities for each volume element in 
the sample and summation of these contributions over the entire 
volume damaged. The local volume fraction is proportional to the 
average cavity density multiplied by the square of the average 
cavity diameter. Data from Figs. 6 and 7 are used to form the 
ratio of crack tip damage for CT2 to that of CT5; this value is 
1.5. The ratio of C t for CT2 to that of CT5 is 1.54 which is in 
excellent agreement with the damage measurements. Thus C t 
appears to be uniquely related to the damage distribution ahead 
of the crack tip--even under the very different conditions of 
transient and steady state creep. Crack tip creep damage may be 
assesed, therefore, by measuring C t , and this may be the most 
important reason for the success of C t in characterizing creep 
crack growth data under a wide range of conditions ranging from 
small-scale to extensive (e.g. steady state) creep. 
Considerable effort has also been devoted to the development 
of x-ray techniques for quantitative damage assessment. Sections 
perpendicular to the crack plane and parallel to the sample face 
were cut from the center of CT2, CT4 and CT5. Thicknesses were 
less than 0.6 mm, and cavities with diameters greater than 10 or 
20 gm should be visible in radiographs recorded with synchrotron 
radiation. The radiographs of the crack growth specimens showed 
the cracks clearly, but individual cavities could not be 
resolved. This is not surprising since little cavity coalescence 
is expected away from the immediate vicinity of the crack tip and 
the largest cavity dimensions observed on the grain boundaries 
are at the limits of detection. The cavities are also lens-
shaped so that no sharp changes in contrast are expected. 
Assesment of novel techniques for damage quantification, digital 
radiography and high resolution computed tomography are currently 
underway. 
Fatigue crack growth results 
Characterization in this part of the project has centered on 
the evolution of time-dependent damage in the presence of the 
crack. The simple measures of cavitation damage, average cavity 
diameter, areal density and area fraction, have been applied to 
specimen surfaces exposed by room temperature fracture of the 
cracked specimens. Figure 9 shows typical grain boundary 
cavities produced by fatigue crack propagation. 
Figure 10 shows the percentage of cross-sectional area 
cavitated as a function of distance from the crack tip. With 
increasing cycle time the cavitated area fraction increases. 
This is expected because cavity nucleation and growth are 
diffusion controlled. The observed crack growth rates follow the 
same trend: increasing cycle times increase crack propagation 
rates. Crack growth rates for the slow-fast and fast-slow tests 
were inversely proportional to the area fraction of boundaries 
cavitated. Therefore, increasing cavity area fraction does not 
always correlate with increased crack propagation rate. 
The density of cavities versus distance from the crack tip 
is shown in Figure 11. No trends are apparent with differences 
in cycle time and/or waveform. The increase in cavity density as 
the crack tip is approached indicates that nucleation is a 
continuous process in the damage zone. This increase is less 
than an order of magnitude: therefore, cavity nucleation is not a 
rate limiting step and cavity growth is the primary factor which 
must be considered in modeling. 
Figure 12 plots the average cavity diameter as a function of 
distance from the crack tip. Increasing cycle times produce 
larger cavity sizes. The resulting longer test times for the 
slower cycle experiments is expected, therefore, to produce 
significant cavity growth. 
Characterization during the remainder of the current year 
will focus on how damage evolves in the presence of the crack and 
on how cavitation damage interacts with the crack to produce 
higher crack growth rates. Damage evolution studies will center 
on determining distributions of cavity sizes and spacings at 
fixed distances from the crack tip (not merely the average 
quantities). Significant effort will also be expended in the 
study of the region immemdiately behind the advancing crack tip. 
The rate of crack propagation is known for the time during which 
this volume of material was ahead of the crack tip; and this 
should lead to an understanding of how damage ahead of the crack 
tip accelerates the rate of propagation. 
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Fig. 3 	Creep crack growth behavior of specimens CT2-5. 
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Fig. 4 	Plot of da/dt vs. C containing only appropriate, 
reliable data. 
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Figure 5 : Comparison of crack area, cavitation prior 
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Fig. 6 	Average cavity diameter vs. distance ahead of the crack 
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tip in CT2 and CT5. 
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Fatigue crack growth rate in 1 wt% Sb-Cu at 400°C. 
Fig. 9 	Cavities 2.5mm ahead of the crack tip in specimens 
subjected to unbalanced triangular waveform (a) fas-






Fig. 11 	Cavity density as a function 
of distance from the crack tip 
for various loading waveforms. 
Fig. 10 	Percent area cavitated as a function 
of distance from crack tip for 
various loading waveforms for 1 wt% 
Sb-Cu alloy at 400°C. 
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Figure 12 	Cavity size as a function of distance from the crack 
tip for various loading waveforms for lwt% Sb-Cu 
alloy at 400°C. 
Fig. 13 	Schematic illustration of the crack growth transients 
during the early portion of creep crack growth test. 
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1. INTRODUCTION AND SUMMARY 
The prediction of design life of components subjected to 
elevated temperatures in energy conversion machinery require 
accurate methods for predicting crack growth behavior in the 
presence of time-dependent creep strains. Significant progress has 
been made in extending the linear-elastic and elastic fracture 
mechanics concepts into the creep regime. Thus, the use of 
fracture mechanics for predicting the crack growth life of elevated 
temperature components is a viable approach [1,2]. However, 
serious deficiencies exist in the understanding of the damage 
mechanisms that lead to time-dependent crack growth. Specifically, 
the interactions between creep and fatigue damage mechanisms for 
slow frequency cyclic loading are not well understood. Therefore, 
cumulative damage laws for creep-fatigue loading based on physical 
damage mechanisms are non-existent. 
The objective of this three year study was to conduct creep 
and creep-fatigue crack growth experiments and to characterize the 
crack tip damage mechanisms in a model material (1% Sb -Cu) which 
is known to cavitate at the grain boundaries under creep 
deformation. These data and observations were to be used to 
develop mechanistic models for predicting crack tip damage and the 
resultant crack growth rates under complex loading conditions at 
elevated temperatures. The results of this program were to be 
integrated into Electric Power Research Institute (EPRI) sponsored 
studies at Georgia Tech. for characterizing the creep-fatigue crack 
growth behavior of Cr-Mo-V steels. Various new and established 
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techniques for detecting crack tip cavitation damage including 
electron metallography, synchrotron x-ray tomography, digital 
microradiography and small angle neutron scattering (SANS) were 
also evaluated. The study led to the following important 
conclusions. 
• In the presence of large scale cavitation damage and 
crack branching, time rate of creep crack growth (da/dt) 
does not correlate with C t or with C. On the other hand, 
when the cavitation damage is constrained, da/dt is 
uniquely characterized by C t . 
▪ Area fraction of grain boundary cavitated, A c , appears to 
be the single damage parameter for characterizing the 
extent of cavitation damage ahead of crack tips. The 
distribution of A, ahead of the crack tip is a complex 
function of loading wave form and cycle time. 
• The use of C t-parameter was extended for characterizing 
the creep-fatigue crack growth behavior. It was shown 
that Ct is suitable for characterizing crack growth rate 
in the presence of different types of deformation 
transients. 
• It was observed that in materials which are prone to 
rapid cavity nucleation, the creep cracks grow faster 
initially and then reach a steady-state during which 
their growth rate is uniquely characterized by C t . 
• The:-percent creep life exhausted was shown to correlate.- 
with the average cavity diameter and also with fraction 
3 
of grain boundary area occupied by cavities. 
• Synchrotron x-ray tomographic microscopy (XTM) was 
successfully demonstrated for imaging individual cavities 
in the 1 percent Sb-Cu material. 
• The above concepts have been incorporated in 
methodologies for remaining life prediction of elevated 
temperature power-plant components. 	Specifically,  
(Ct ) avg has been used to correlate creep-fatigue crack 
growth behavior in Cr-Mo and Cr-Mo-V steel and in 
weldments. 
In Section 2 of this report, the important results from the 
program are presented. Section 3 of the report contains a list of 
the publications and presentations from the work performed under 
the grant and the status of the various students funded under this 
grant. 
2. HIGHLIGHTS OF ACCOMPLISHMENTS 
The creep and creep-fatigue crack growth experiments were 
conducted on a copper alloy containing 1 weight-percent antimony. 
The segregation of antimony to the grain boundaries embrittles the 
boundaries. Therefore, the room temperature fracture in this 
material is one hundred percent intergrannular revealing the 
cavitation damage on the grain boundary facets. Thus, this alloy 
was ideally suited for studying the time-dependent damage 
accumulation at crack tips subjected to creep and creep-fatigue 
loading. The model alloy was specially produced at the Oak Ridge 
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National Laboratory and was supplied to Georgia Tech in the form 
of an extruded rectangular bar which was 2-3/4 in x 2 in cross-
section. The chemical composition and the tensile and creep 
behavior of the material is summarized in reference [3] attached 
in the Appendix. The highlights of the various aspects of the work 
are summarized in the following sections. 
2.1 Mechanisms of Creep Crack Growth 
The creep crack growth data developed in air as a part of this 
study clearly showed that, in the presence of large scale 
cavitation damage ahead of the crack tip and crack branching, da/dt 
does not correlate with C t (Fig.l). On the other hand , when the 
damage in the crack tip region is not extensive (or constrained), 
da/dt is uniquely characterized by Ct after steady-state damage 
conditions are reached (Fig. 2). 
The extensive quantitative damage analysis of the specimens 
revealed that continuous nucleation and growth of cavities occurs 
near the crack tip. The fraction of grain boundary area cavitated, 
Ac , was found to best represent the state of damage at a point 
ahead of the crack tip. A steep gradient in the extent of 
cavitation damage as a function of distance from the crack tip was 
obtained in all creep crack growth specimens which showed 
constrained cavitation, Fig. 3. A governing equation for damage 
evolution was proposed (See Ref.3). 
In order to promote constrained cavitation during subsequent-
creep crack growth testing, all specimens were sidegrooved. Also, 
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to protect the fracture surface from oxidizing, the subsequent 
testing was performed in ultra-high-purity nitrogen. Fig. 4 shows 
the creep crack growth rate behavior as a function of C t from these 
tests. Transient crack growth rates characterized by non-unique 
da/dt versus Ct relationship were observed for a substantial 
portion of the tests. The crack growth rates were high initially 
and they decreased with subsequent crack extension. Similar 
transient crack growth behavior has been observed previously [4] 
in ductile steels but the one observed here is peculiar in two 
ways. First, the crack growth rates in the transient regime are 
higher than those at equivalent C t values in the steady-state crack 
growth regime. Second, the duration of the crack growth transients 
in terms of the crack extension required to achieve steady-state 
was significantly higher in antimony-copper than observed in 
ductile steels. The transient crack growth rate behavior was 
examined in great depth through further testing. It was concluded 
that the transient behavior occurs due to (1) damage done during 
precracking prior to creep crack growth testing and (2) damage done 
during initial loading when the crack tip stresses are the highest. 
A very detailed discussion of this phenomena is contained in a 
forthcoming M.S. thesis of Mr. Richard Norris. The completed 
thesis will be mailed to DOE when available. 
2.2 Damage and Life Fraction Correlations in Creep Rupture 
Specimens 
Although studying the creep rupture behavior of antimony-
copper was not the main objectives of this study, some rupture 
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testing was necessary to develop the creep constants for crack 
growth data analysis. Also, the tested specimens were needed to 
evaluate the nondestructive damage characterization techniques used 
in this project. 
Large gradients in the volume fraction of cavities V v were 
observed as a function of distance from the rupture surface of 
crept specimens (Fig. 5). Optical microscopy and synchrotron 
microradiography both showed that lower stresses lead to 
considerably higher damage levels and to more extensive zones of 
enhanced damage (e.g. much higher than the uniform damage levels 
elsewhere in the specimens). Each of the curves in Fig. 6 
approaches the same asymptotic value of Vv at large distances from 
the rupture surface, which suggest that a critical level of damage 
in creep of Cu-1% Sb must be attained to initiate necking leading 
to fracture. 
Both Ac and D, the average cavity diameter, were determined 
as a function of lifetime expended for two applied loads (Fig. 6). 
Both quantities are linear functions of expended life, and 
there appears to be little dependence on applied stress. 
Apparently, failure by ductile rupture is imminent when about 0.45 
of the grain boundaries are covered by cavities, regardless of the 
stress level. This conclusion is consistent with the observation 
of Vv values far from the rupture surface. 
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2.3 Crack Growth Mechanisms During Creep-Fatigue Loading 
The mechanism of crack advance in Cu-1% Sb is a function of 
the crack-tip stresses. Below a critical stress, crack growth 
occurs by coalescence of creep cavities with the crack front. 
Above this same critical stress, crack growth occurs by a 
combination of cavity coalescence and grain boundary peeling. The 
dendritic growth of the crack front, or peeling process occurs when 
the normal stresses on the boundaries exceed a critical value, and 
is thus sensitive to grain orientation with respect to the remotely 
applied stress. 
The process of crack growth by cavity coalescence is 
controlled by the smaller crack-tip cavitation. The size and 
density distribution of these cavities are functions of loading 
waveform and cycle time. Any grain boundary area not previously 
failed by the growth of the large, remote cavities fails by the 
coalescence of the smaller voids. The widespread, larger cavities 
have only a secondary effect on the growth rates. 
The average rate of crack growth during hold times in 
trapezoidal loading waveforms, (a) mm can be uniquely correlated 
with the average, measured value of the C t parameter, (C t ) avg (Fig. 
7). The (a) mm vs. (Ct ) mm relationship for hold times of hour and 
longer is identical to that obtained for creep crack growth 
conditions. This implies, that for hold times larger than i hour, 
creep-fatigue crack growth rates are correlated uniquely by (CO mm . 
The creep-fatigue interaction during elevated temperature crack 
growth may be the result of a change in crack growth mechanism 
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during the hold times. In the initial portion of each hold time, 
peeling may occur, and as the stresses relax, crack extension may 
revert back to a process by cavity coalescence. Thus, shorter hold 
times maintain higher average crack-tip stresses and have a higher 
probability for the peeling mechanism to operate. Since peeling 
occurs at higher stress levels, it is expected to result in higher 
crack growth rates, and shorter hold times would be expected to 
have unexpectedly higher crack growth rates. 
2.4 Development and Assessment of Advanced Damage Characterization 
Techniques 
Electron radiography and small angle scattering were examined 
during the very early stages of this three-year study as possible 
alternatives to optical and scanning electron metallography for 
damage assessment. Neither was found to be suitable for this study 
as discussed in earlier progress reports [5]. On the other hand, 
industrial computed tomography (CT) and high-resolution variants 
termed x-ray tomographic microscopy (XTM) were found to be very 
useful for damage characterization; digital microradiography and 
synchrotron microradiography were also applied successfully to 
damage characterization in Cu-l%Sb. These novel techniques and 
results obtained with them as described below. 
2.4.1 Microradiography 
Synchrotron microradiographs were recorded at the. Stanford 
Synchrotron RSdiation Laboratory (SSRL) using white radiation. The 
nearly parallel, high flux beam makes synchrotron radiation an 
9 
ideal source for contact radiography. 	Optical densitometry 
tracings of the microradiographs were recorded along a direction 
normal to the rupture surface and yielded curves such as that shown 
in Figure 10. Standards of the appropriate thickness and 
containing no cavitation damage were not run, however, and absolute 
magnitudes of damage cannot be easily calculated. 
Comparison of the relative optical densities with the relative 
cavity volume fractions for both 3.5 and 6.0 ksi samples (tested 
to failure) should show quantitative agreement; this is not 
observed. We suspect that local film saturation occurs at 
positions where distinct cavity images are seen. This is being 
checked with further densitometry. During the next experimental 
period we will also repeat the synchrotron microradiography. We 
will use undamaged and damaged samples of the same thickness. 
Digital microradiography eliminates the photographic emulsion 
and directly measures the transmitted intensity with electronic x-
ray detectors. High resolution can be obtained by using a multiple 
detector array with very small elements or by using a pinhole 
collimator and scanning the sample across the beam. The variation 
of x-ray absorption around a creep crack in the Cu-Sb material was 
quantified using the latter approach, Ag Ka radiation and a 15 Am 
diameter beam. The sample studied was CT5 which was crept at 400C 
and 1.5 ksi(in.) °3 . The sample was mechanically polished to about 
0.3 mm thickness, and this was adequate to transmit nearly 30% of 
the incident beam in the vicinity of the crack. A square array of 
points with spacing of 0.5 mm was used to cover a 3 mm x 5 mm area 
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around the crack. Counting times were 10 sec per point, and a 
minimum of 3 x 10 5 counts were obtained at each point, well under 
one percent standard error in counting statistics. We note that 
these measurements were performed at London Hospital Medical 
College in collaboration with Dr. J.C. Elliott's group in the Dept. 
of Child Dental Health. 
Figure 11 shows the two dimensional distribution of 
transmitted intensity around the creep crack. Note that absorption 
is reduced as far as 1 mm from the crack. The decrease in 
absorption could be due to preferential thinning near the crack, 
i.e. near the center of the sample, and this unlikely source of 
increased transmissivity is presently being checked by precision 
metrology. Conversion of the data into volume fraction of cavities 
will follow shortly. 
2. 4 . 2 Industrial Computed Tomography 
Industrial computed tomography offers considerable promise for 
characterizing damage in samples with macroscopic dimensions-- as 
long as high spatial resolution (< 60 or 70mm) is not required. 
The compact tension samples crept and fatigued as part of this 
study are a good example of where use of industrial CT would be 
very advantageous. Large, long-range gradients in cavitation 
damage have been observed around the crack (see Sections 2.1 and 
2.2) in sample CT2 (tested at 1.5 ksi(in.) (3-5 for 1250 hrs. and at 
1.65 ksi(in.) °: 5 for times greater than 1250 hrs.). We have not yet 
reproduced the slices from our imaging terminal. 
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The adjacent slices surrounding the nominal crack plane for 
sample CT2 were obtained in collaboration with Dr. R. Isaacs of 
General Electric Corporation and had 62.5 gm pixels and 0.25 mm 
slice thicknesses. In these first experiments, the entire sample 
cross-sectional area (approximately 0.6 in. x 1.5 in.) was studied. 
Considerable beam hardening is evident which precludes quantitative 
analysis of the data until it is corrected. This correction is 
currently underway using a wedge-shaped reference sample from un-
damaged Cu-1% Sb. 
The series of slices viewed on our terminal shows that the 
crack wandered from a single plane and that the crack extension was 
greater in the middle of the sample than at its edges. The crack 
tip structure is clearly evident even without correcting for beam 
hardening. Progress thus far indicates that prospects are 
excellent for quantitative measurements of the density variation 
ahead of creep cracks. 
2.4.3. X-ray Tomographic Microscopy 
A preliminary XTM scan was run of a small, rectangular prism 
of material taken from a sample which failed under creep loading 
at 400C. The XTM experiments were performed at SSRL in 
collaboration with Dr. J.H. Kinney's group at Lawrence Livermore 
National Laboratory. The creep test was run at 8 ksi, and one end 
of the centimeter-long prism was from the exposed fracture surface. 
Approximately 90 slices were recorded using 35 keV x-rays, and 
every ninth slice from the fracture surface is shown in Fig. 12. 
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The minimum dimension of this sample was 0.4 mm. Figure 13 shows 
enlargements of two of the slices. A few small cavities are 
visible in the interior of one of the slices, and their diameters 
of 10-20 gm are consistent with those measured from other volumes 
of the same sample by conventional techniques. Unfortunately, 
there were significant penetration problems at 35 keV, and higher 
energies could not available at SSRL. We intend to use the PEP 
ring at Stanford with higher x-ray energies to continue this 
investigation; we should be scheduled during the next PEP run. We 
have also approached CHESS (Cornell synchrotron) about obtaining 
time for these experiments. While the XTM sample clearly pushed 
the limits of what was then available, these results are very 
exciting: enough so that we will continue this aspect of the 
research even though the project has concluded. 
3. LIST OF PAPERS PUBLISHED, CONFERENCE 
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In this Section, the published papers and the names of 
students and Research Associates who received support from the 
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Temperature Crack Growth", in High Temperature Fracture 
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Growth", Invited Book Chapter in Fracture Mechanics: 
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Crack Growth Rates Using Crack Tip Parameters", Advances 
in Fracture Research, Proceedings of the Seventh 
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6. A. Saxena, "Recent Advances in Elevated Temperature Crack 
Growth and Models for Life Prediction", (Keynote Paper), 
Proceedings of the Seventh International Conference on 
Fracture, Houston, March 1989, pp. 1675-1688. 
3.2 Manuscripts in Preparation 
1. 	S.R. Stock, A. Guvenilir, R. Norris, Y.H. Lee, J.T. 
Staley, Jr., Z.U. Rek and A. Saxena, "Development of 
Damage During Creep of Cu-1% Sb at 400 C", to be 
submitted to Acta Metallurgica. 
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2. B. Gieseke and A. Saxena, "Mechanisms of Crack Growth in 
Cu-1% Sb During Hold Time Fatigue", to be submitted to 
Acta Metallurgica. 
3. R.H. Norris and A. Saxena, "A Transients and the 
Resulting Conditions During Elevated Temperature Crack 
Growth in an Antimony-Copper Alloy," ASTM STP from the 
ASTM 22nd. National Symposium on Fracture Mechanics. 
3.3 Conference Presentations 
1. A. Saxena, "Crack Growth at Elevated Temperature". ASME 
Applied Mechanics Meeting, June 15 -16, 1987, Cincinnati, 
Ohio (invited). 
2. A. Saxena, "Creep Crack Growth Under Transient 
Conditions", in DOE Workshop on Mechanics and Physics of 
Crack Growth and Application to Life Prediction", August 
4-7, 1987, Keystone, Colorado (invited). 
3. A. Saxena and S.D. Antolovich, "Mechanics and Mechanisms 
of Creep Crack Growth", ASM weekend seminar on Fracture 
Mechanics, Microstructure and Mechanisms, Oct. 9-10, 
1987, Cincinnati, Ohio (invited). 
4. A. Saxena and B. Gieseke, "Transients in Elevated 
Temperature Crack Growth", International Seminar on 
Mechanics and Mechanisms of High Temperature Fracture", 
Oct. 13-15, Dourdan, France (invited). 
5. B. Gieseke and A. Saxena, "Mechanisms of Creep-Fatigue : 
 Crack Growth Interactions in lwt % Sb-copper", TMS-AIME 
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6. A. Saxena, "Crack Tip Parameters for Correlating Creep 
Crack Growth Data", (invited) VAMAS meeting, June 18-19, 
1988, Freiburg, W. Germany. 
7. B. Gieseke and A. Saxena, "Correlation of Creep-Fatigue 
Crack Growth Rates using Crack Tip Parameters", Seventh 
International Conference on Fracture, Houston, Texas, 
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Fig.i 	(Top) Unconstrained cavitation at the tip of growing 
creep crack leading to extensive crack branching; 
(Bottom) the lack of correlation between da/dt versus C L 
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Fig. 2 	(Top)_ Constrained cavitation damage at the tip of a 
growing creep crack in 1 wt percent antimony-copper; - 
(bottom) the creep crack growth rate as a function of C t 
 in specimens which exhibited constrained cavitation 
(Staley and Saxena, 1989). 
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Fig. 3 - Fraction of grain boundary area cavitated as a function 
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Fig. 4 - Creep crack growth rate of 1 wt percent Sb - Copper in 
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Fig. 5 - Volume fraction V, of cavities as a function of distance 
from the rupture surface of samples of Cu - 1 wt. % Sb 
tested at 400 C. The measurements were made with optical 
microscopy on a polished section of each sample. 
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Fig. 6 - a. Fraction of grain 
cavity diameter D as 
life-time t/t f . The 
samples tested under 6 
boundary area Ac and b. Average" 
functions of fraction of elapsed 
solid and open circles are for 
.0 and 3.5 ksi loads, respectively. 
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Fig. 7 - The average da/dt during hold time as a function of the 
(Ct ) avg  parameter and comparison with creep crack growth 
rate for a one percent antimony-alloy at 400°C (Gieseke 
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Figure 8. Volume fraction of cgvities as a function of distance 
from the fracture surface of specimens deformed in creep. 
Figure 9. 	Area fraction A c and average cavity diameter D'for 
samples tested at 3.5 ksi (open circles) and 6 ksi (closed 
circles). 
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Figure 10. 	Densitometry trace showing gradient of damage in 
pvnnhrr,tron mic=roradiooraphs of sample 3C. 
Figure 11. Two-dimensional distribution of transmitted intensity 
around a creep crack. 	The vertical axis is transmitted 
intensity. 	 7 I. t 
let 
411 
Figure 13. Slices recorded with synchrotron XTM parallel to the 
rupture surface of a Cu- 1 wt. % Sb sample. The sample failed 
under creep, and the irregularities of the slices shown the 
jagged rupture surface. The small, dark images, indicated by 
arrows, appear to be grain boundary cavities. 
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Abstract 
The recent advances in time-dependent fracture 
mechanics concepts for characterizing creep crack 
growth rate under transient conditions are 
reviewed. At elevated temperatures. transients in 
the crack tip stress fields occur owing to stress 
relaxation during constrained creep due to primary 
and tertiary creep deformation, cyclic loading and 
crack growth. A unified crack tip parameter C, 
which is formulated to account for all types of tran-
sient is described and evaluated. The currently 
available creep crack growth data support the 
validity of C,. Under steady state conditions. C, 
reduces to the familiar C* integral. 
1. Introduction 
The field of time-dependent fracture mechan-
ics for characterizing crack growth at elevated 
temperatures has progressed considerably in the 
recent years. It is now generally accepted that the 
C* integral is a good correlating parameter for 
creep crack growth behavior under steady state 
conditions in creeping materials [1-7]. Steady 
state conditions exist in a cracked body when 
widespread creep deformation characterized by 
power law creep occurs. Under these conditions, 
C* becomes path independent, it equals the stress 
power i or energy rate! release rate and it also rep-
resents the strength of the crack tip stress 
singularity [1, 3, 4, 71. 
Despite the strong mechanics basis, the appli-
cation of C* is limited because of the restriction 
of steady state creep. Most elevated temperature 
components are designed to resist widespread 
creep deformation. As a result, the creep strains 
are expected to be in the primary creep regime 
for a significant portion of the life. Because of the 
*Paper presented at the Workshop on the Mechanics and 
Physics of Crack Growth: Application to Life Prediction. 
Keystone. CO. U.S.A.. August 4-7. 1987.  
stress and temperature gradients and periodic 
start-up and shut-downs in thick section compo-
nents, there is also a good likelihood of the pres-
ence of the small-scale creep conditions during 
most of the service life. The condition of small-
scale creep has been analyzed by several 
researchers [7-131. As will be discussed later in 
the paper. the presence of crack growth also pro-
motes transient stress conditions near the crack 
tip [12. 13] and so does the occurrence of tertiary 
creep [14]. Thus. in several practical situations. 
the consideration of transient stress field is 
important and. for these applications. C* is no 
longer a valid crack tip parameter. 
This paper focuses on a crack tip parameter C, 
[8] which is general enough to correlate creep 
crack growth behavior under all types of transient 
conditions and it reduces to C* when steady state 
conditions prevail. Provided that the correct 
material constitutive laws are used. C, can be cal-
culated by finite element analysis for components 
[15. 161. It can be accurately measured at the 
loading pins of a specimen Also. closed-form 
solutions for estimating C, are currently available 
for materials which deform by elasfic power law 
creep [8, 9, 141. The use of C, under cyclic load-
ing conditions will also be briefly discussed [17]. 
2. Formulation of the C, parameter 
The initial formulation of the C, parameter is 
made with the assumption that the crack is 
stationary. Following Saxena [8], let us consider 
several identical pairs of cracked specimens. For 
each pair. one specimen has a crack length a and 
the other has a crack length of a -t- 6,a. The speci-
mens of each pair are loaded to various constant 
load levels P I , P2 , P, at elevated temperatures. 
As creep deformation progresses in the various 
specimens. additional deflections v accumulate 
at the load lines owing to growth of the creep 
zones, as shown in Fig. 1(a). This deflection is 
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Fie. 1. (a, Load-line deflection V. as a function of time for 
bodies of crack lengths a and a + Aa at vanous load levels: 
b ) the definition of the C. parameter i8 J. 
attributed to primary and secondary creep in the 
crack tip region and also to change in elastic 
strain due to stress relaxation within the body. 
Under small-scale creep it has been shown [8, 151 
that the load-line deflection rate V, is directly pro-
portional to the rate r, of expansion of the creep 
zone size. 
In Fig. 1( b) the instantaneous value of I .', is 
plotted at time t 3.5 a function of load P for speci-
mens with crack length a and for specimens with 
crack length a+ Aci:7For other times. similar plots 
of P vs. V can be constructed. The area between 
the curves corresponding to crack lengths a and 
a+ Aa is designated A U,'". The subscript t 
denotes the value for a fixed time. C, is then 
defined as 
Aa-0 B Aa 	 B as 
where B is the specimen thickness. Under exten-
sive creep conditions where power law creep 
dominates, C, = C* by definition because A U.* 
assumes a steady state value A U*. Under exten-
sive creep conditions where primary creep effects 
are still significant. it follows from Reidel's [141 
definition of Ch* that C, = Ch*/( 1 + p)tPi" + 17 ' 
where p is a constant related to the primary creep 
property of the material. Therefore. in the regime 
of extensive creep, C, characterizes the amplitude 
of the Hutchinson [181, Rice and Rosengren [19] 
(HRR) crack tip stress fields by virtue of its rela-
tionship of C* and C,*. 
Under small-scale creep conditions. the ampli-
tude of the HRR field has been derived by several 
investigators [7, 10. 11. 201 for materials that 
deform by elastic power law creep. It is eiven by 
the following simple equation [201: 
C(t)— 	 (2) 
E(n+ 1)t
+ 
Equation (2) is valid for very short to long times 
[15, 16, 20]. It is important to point out that 
under small-scale creep conditions t O ssc  # C(t)• 
In contrast, ( Ce )ssc is related uniquely to the rate 
of expansion of the creep zone size by the follow-
ing equation [8, 151: 
(F')K 2 i, 
(C,)ssc= 2(1— v )13  — F EW 
From the relationship between and 1 ./c . the fol-
lowing expression can be derived which is conve-
nient for measuring C, at the loading pins [81: 
( Cr )SSC = B WF 
	 (4) 
where the K calibration factor F=(KIP)BW ' 12 
and F' =dficl(alW ). In eqns. t 3) and (4), no 
assumptions have been made about the constitu-
tive behavior of the material. Hence these equa-
tions hold for any constitutive law.* A most 
general expression for C, which* valid for pri-
mary, secondary and tertiary creelias well as fersz-_ 
conditions ranging from small-scale creep tom 
extensive creep is given by the following equation: 
*In the original work 	eqn. 14) was derived for materials 
obeying elastic power law creep. However. it can be shown 
easily that this equation is also valid for any more general 
creeping law. 
(3) 
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If we make the assumption of elastic power law 
creep. an analytical expression for estimating C, is 
derived and given in earlier papers [8. 1 5 ]. 
Figure 2 shows the creep crack growth behav-
ior of Cr-Mo and Cr-Mo-V steels [8. 211, 
demonstrating the excellent correlation between 
creep crack growth rates da/dt and C, obtained 
over a wide range of growth rates. In these corre-
lations. specimens tested at different load levels 
are involved and. to a limited extent. specimens of 
different geometries are also included. In Fig. 3 
the average da/dt during the hold period of a 
fatigue cycle with trapezoidal waveform is also 
correlated with C. The hold times in this study 
171 ranged from 50 s to 24 h, and the data 
appear to correlate with C.. However, in compari-
^ on with the daidt values under static loading, the 
crack growth rates during the hold time are 
much lower. This may be due to the influence of 
reversed plasticity during unloading in the previ-
ous fatigue cycle. For details of these correlations. 
readers are referred to earlier papers 1171. The 
presence of cyclic loading promotes transient 
conditions at the crack tip; hence, the correlation 
between da/dt and C, under these conditions is 
important in establishing C, as a unifying crack tip 
parameter which can account for different types 
of transient. 
C L (in-kips/in'-hr) 
Fig. 2. Creep crack growth behavior of Cr-Mo and 
Cr-Mo-V steels 21!. 
3. Considerations due to crack growth 
Under extensive creep conditions, the region 
of influence of crack growth on the crack tip 
stress fields is small in comparison with the zone 
of HRR field dominance [22]. In contrast. under 
small-scale creep conditions the presence of 
crack growth will significantly alter the crack tip 
stress fields [12. 13]. The extent of this effect 
depends on the crack growth rate and the rate at 
which creep is spreading in the component or 
specimen. Thus, it is important to discuss the 
influence of crack growth and its implications on 
the validity of C, under small-scale creep condi-
tions. 
The consideration of crack growth can be 
divided into two regimes. The first regime is one 
of slow crack growth in which the crack tip stress 
fields are perturbed owing to elastic unloading 
associated with crack extension near the crack 
tip. Hence, i for a growing crack is different from 
the r^ estimated for a stationary crack. We define 
slow crack growth as a condition under which 
r^ > 0; so the crack tip always extends beyond the 
creep zone boundary. Under such conditions. C, 
obtained from eqn. (3) with i correctly calculated 
is expected to represent the crack driving force. 
Also, if C, is estimated from a measured deflec-
tion rate substituted in eqn. (4), the effects on the 
transient stress field associated with crack growth 
are included in the estimate of C. 
The other condition is that of a high crack 
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will only occur if another cracking mechanism 
such as one dominated by environment or stable 
crack growth due to ductile tearing is involved. 
Under such conditions. the characterizing crack 
tip parameter is expected to change gradually 
from C, to J (or K) [23-251. In between. there can 
be a regime where neither C, nor J will charac-
terize the crack growth rate. However, this regime 
is expected to occur only at very high crack 
growth rates (da/dt > 0.1 mm h -1 ) and perhaps 
does not contribute significantly to life. 
A very special situation arises when r. = 0. This 
condition implies that the creep zone size remains 
constant.The mechanism of crack growth will still 
be creep with the crack tip and the creep zone 
boundary moving at equal rates. This will lead to 
a time-independent stress field with respect to a 
moving crack tip and is therefore a case of steady 
state. daidt under such circumstances will corre-
late with J ( or K). The creep-brittle materials 
such as ceramics or embrittled ferritic steels may 
exhibit such trends. In general. < 0 should lead 
to a K-controlled crack growth rate and i c > 0 
should lead to a C,-controlled crack growth rate. 
In an experiment, the condition of a C r- or K-
controlled crack growth rate can be identified 
through the use of deflection rate partitioning 
analysis [24. 25j. However. much work remains 
to be done in the area of how transition from C,-
controlled to J-controlled (or K-controlled) crack 
growth occurs in creeping materials after ductile 
tearing begins. 
4. Summary and conclusions 
Significant progress has occurred in the devel-
opment of concepts for characterizing crack 
growth behavior at elevated temperatures where 
time-dependent creep deformation occurs. The 
current state of these developments is summar-
ized as follows. 
( I ) The C* integral is widely accepted as being 
the correct crack tip parameter for characterizing 
creep crack growth behavior under steady state 
conditions. 
(2) Under transient crack tip stress conditions. 
C, appears to be promising for characterizing the 
creep crack growth behavior. There are no in-
herent limitations in the use of C, for transients 
resulting from stress relaxation, primary and ter-
tiary creep deformation. cyclic loading and crack 
growth. 
(3) Expressions for measuring C, for various 
specimen geometries are currently available. The  
validity of these expressions includes situations 
involving all types of transient deformation. 
Much work remains to be done in developing 
accurate expressions to estimating C, in compo-
nents in the presence of primary creep deforma-
tion and crack growth. Analytical expressions for 
calculating C, in components which deform by 
elastic power law creep are currently available. 
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ABSTRACT Transients which affect the crack growth behaviour of metals at elevated 
temperature under cyclic and static loading are classified as: (1) deformation transients 
which are present due to the relaxing crack tip stress fields during small scale creep. 
and (2) damage or crack growth transients which are present during the period in 
which a steady-state damage state evolves at the crack tip starting from an initially 
undamaged state. 
It is shown using extensive creep and creep-fatigue crack growth data on 1Cr-IMo-
0.25V steel that deformation transients under static as well as cyclic loading are com-
pletely normalized by the C, parameter. It is also shown that the other crack tip 
parameters such as K. C', and C(t) are unable to normalize the influence of deforma-
tion transients. However. C, fails to uniquely characterize the crack growth rate during 
the damage or crack growth transient. 
Introduction and background 
Recently, considerable progress has been made in the understanding of micro-
mechanics of damage development in the vicinity of crack tips subjected to 
creep deformation (1)—(5). Also, experimental studies have been conducted to 
evaluate crack tip parameters for characterizing creep crack growth behaviour 
under steady-state and under transient conditions (67). The objective of this 
paper is to evaluate the suitability of the different crack tip parameters for 
characterizing the crack growth behaviour under two primary types of tran-
sient conditions. These include: (1) deformation transients due to the relaxing 
stress fields under small-scale creep (SSC) resulting in an expanding crack tip 
creep zone, and (2) crack growth transients associated with the initial portions 
of the test during which a steady-state damage pattern develops. 
Considerable crack growth data are assembled from previous experimental 
studies to document the presence of the above transients and to also identify 
some possible approaches to predict crack growth behaviour in their presence. 
The nature of the various transients is first discussed in detail. We will be 
restricting our primary discussion to sharp, Mode I (Fig. 1) cracks in materials 
which deform elastically and by power-law creep. The uniaxial version of the 
material constitutive law is as follows 
a". = /E Air" 
• gyassuire 	Research Laboratory, School of Materials Engineering. Georgia institute 
of Technology, Atlanta. GA 30332-0245, USA. 
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Fig. 1. Mod. 1 crack maimed to load at elevated Imperatore 
where, k is strain rate, E = elastic modulus, a = applied stress, and A and n are 
the power-law creep constants. 
Deformation transients 
The plane strain Mode I stationary crack subject to a constant load has been 
investigated by Ohji et al. (8), by Riedel and Rice (9), and by Bassani and 
McClintock (10). The instantaneous response is elastic and the crack tip stress 
field (r 0) is completely specified by the stress intensity parameter, K. As 
time elapses, a time-dependent crack tip stress field which resembles the HRR 
fields in elastic—plastic fracture mechanics (11X12) evolves. The crack tip stress 
is then given by the following equation 
_ 	[ C(t) ] 1/(m+ 1
5.40, n) aii — 	 (2) r 
where, -640, n) and 1„ are the HRR field quantities listed in tabular form in 
reference (13). C(t) is an amplitude factor which is given by the following equa-
tion (14) 
C(t)— 
(1 — v2)1(2 
+ 	 (3) 
(n + 1)Et 
where, v = Poisson's ratio, t = elapsed time, and C* is a path-independent 
integral defined in several papers (15). :c* also represents the steady-state value 
of C(t) when power-law creep dominates the entire specimen (or component). 
At short times. C(t) is dominated by the first term on the right hand side of 
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Steady-State Creep SS) 
Condition 
Creep Zone 
Fig. 2. Schematic representations of the Jamie of creep deformation Emir which creep ascii growth 
as mew 
equation (3) and small-scale-creep (SSC) conditions prevail. Figure 2 schemati-
cally shows the three regimes, namely the SSC. the transition creep (TC) 
regime. and the steady-state (SS) regime of extensive creep. The creep zone size 
r e(0, t) under SSC conditions is given by (9) equation 14) 








 v) .j 




where, FJO)  is an angular function and is described in reference (9). 
Under SSC and TC conditions, the crack tip creep zone size as well has the 
crack tip stress field are continuously changing with time giving rise to a tran-
sient condition, labelled deformation transient. If slow crack growth is 
occurring such that the rate of crack growth, a, is much smaller than the rate 
of expansion of the creep zone size, , it can be argued that the crack tip 
driving force decreases with time for a constant, K. It is then interesting to 
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determine if a correlates uniquely with any crack tip parameter under such 
transient conditions. A candidate crack tip driving force parameter can be C(t) 
which is a measure of the instantaneous amplitude of the crack tip stress field. 
Further, the parameter C(t) is a local crack tip parameter which cannot be 
measured at the loading pins in a specimen: it's value can be calculated from 
equation (3) only. 
Saxena (7) has proposed an alternate crack tip parameter. C, which is 
based on the stress-power release rate and can be measured at the loading 
pins. This parameter converges to Cs by definition when steady-state condi-
tions prevail much like C(t). C, is defined as follows 
1 au:, 
ct= 73 as 
where, Us is the instantaneous stress-power release rate and B = thickness of 
the body. The following expression can be used to estimate . C, from the mea- 
sured load. P. and the load-line deflection rate due to creep, V . 
P11, 	F/F 
C = — FIF - C*(— - I 	 (6) 
BW ?I 
where. W = width of the body, F is the K-calibration factor given by 
F = (KIP) BW 112 , F' = dF/d(a/W), and rl is a geometry and crack size depen-
dent parameter used in the calculation of C* (16) 
- 
Pt/ ,7 	
(7) Cs BW 
where, 1; 8 = steady-state deflection rate. For details of C, estimation, the 
readers are referred to earlier papers (7X17). C, has recently shown (17)(18) to 
be uniquely related to the rate of expansion of the creep zone under SSC 
conditions by the following relationship 
K 1 
(C,).„ = 2(1 - v 2)— F'/F • fli. e 	 (8) 
EW 
where, fi = scaling factor which can be determined numerically. Recent finite 
element calculations (17)(18) for compact type and centre crack tension 
geometries have confirmed the relationship between (CJ., andr beyond rea-
sonable doubt. This relationship makes C, a unique parameter which can be 
both measured at the loading pins and also be related to the rate of expansion 
of the crack tip creep zone size. 
Combining equations (4) and (8), an analytical expression for estimating C, 




F 0)  
, - 	(1 — v 2 )K 4 	(EA) 214 " -1) - t ( " -3' - ` )  + C« 	 (9) E(n - 1) WF 
( 5) 
TRANSIENTS IN ELEVATED TEMPERATURE CRACK GROWTH 	 5 
In summary, there are two candidate crack tip parameters, C(t) and C, for 
correlating creep crack growth behaviour in the presence of deformation tran-
sients. C(t) is based on the instantaneous amplitude of the crack tip stress field 
and C, relates to the rate of expansion of the creep zone. Both parameters 
collapse to C* when steady-state conditions are reached. C, can be measured 
at the loading pins while C(t) can only be calculated. In a later section, both 
parameters will be evaluated using the same set of creep crack growth data. 
Damage or crack growth transients 
Several analytical studies have modelled creep crack growth as a process gov-
erned by nucleation, growth, and coalescence of grain boundary cavities 
(1X2X4). These studies have focused mostly in the steady-state creep regime 
where crack growth rate has been shown to be governed by C. The experi-
mental evidence supports such a mechanism for slow crack growth (5). In this 
discussion, we will first focus on steady-state conditions with regard to defor-
mation transients by assuming that the extensive creep conditions dominated 
by C* prevail. Under these conditions it is intuitively appealing to think that a 
unique relationship between a and C* can only be achieved if the state of 
creep damage in the form of cavitation within the process zone ahead of the 
crack tip is a characteristic of the applied C* level. In other words, at any 
given time, the size, spacing, and the number of cavities ahead of the crack tip 
are only a function of C*, and as the crack tip advances, the state of damage 
moves with it in a self-similar manner. However, it takes a certain amount of 
crack extension in order to achieve a steady-state level of crack tip damage, as 
explained below. 
When the crack tip is first subjected to creep deformation at the beginning 
of the test, the cavity closest to the crack tip grows from its nucleation size to 
the coalescence size. This situation is compared with one following a substan-
tial amount of crack extension in which the cavities grow significantly past 
their nucleation size before reaching the position of the cavity nearest to the 
crack tip. Hence, the time needed to grow this cavity to the coalescence size is 
expected to be smaller than the time required to grow the former. Thus. during 
the transient period of crack extension, a steady-state relationship between a 
and C* is not expected. The existing experimental data tend to show this 
behaviour which is schematically illustrated in Fig. 3. In this figure, it is shown 
that tests begun at different C* values have a non-unique a vs C* relationship 
until the crack extends a certain distance. After some crack extension has 
occurred. the results from the three tests fall on the same trend. Actual data 
supporting such trends is shown later in the paper. 
Transients during cyclic loading 
Both deformation and crack growth transients can exist during cyclic loading 
at elevated temperature. For simplicity, a trapezoidal loading waveform with a 
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Fig. 3. Schematic iiIIMMU1011 of the crack growth trassiests during the early portion of creep crack 
growth test 
Fast loading/unloading segment and a hold time in between will be considered. 
This is equivalent to a situation in which a static load is periodically inter-
rupted by a unloading event. The unloading and reloading is accomplished in 
a time much smaller than the time between successive interruptions, also 
called the hold time, t h . Also, t h is much smaller than the transition time, 
from SSC to SS conditions given by the following relationship (9) 
tT
—  E(n + 1)C* 
K2 	
(10) 
Thus, we will be restricting the discussion here to SSC conditions and also to 
situations where no creep deformation is occurring during the loading/ 
unloading portions of the cycle. 
Figure 4(a) schematically shows the various deformation zones in the vicin-
ity of the crack tip, and Fig. 4(b) shows the expected stress—strain behaviour 
within the various deformation zones. If both small-scale-yielding (SSY) as 
well as small-scale-creep (SSC) are assumed. the stress—strain behaviour in 
Region 1 is linear-elastic. In Region 2 (the monotonic plastic zone), monotonic 
plasticity occurs during the first loading cycle, but no reversed plastic defor-
mation occurs. In Region 3 (cyclic plastic zone), reversed plasticity occurs but 
no substantial creep deformation during the hold period occurs. In Region 4 
(creep zone), substantial creep deformation occurs during the hold time. which 
is reversed during the unloading portion of the cycle via plastic deformation. 
The extents of creep, cyclic, and monotonic plastic zones depend on the 
applied K level, the rate of creep deformation. and the hold time. It is by no 
means implied in Fig. 4 that the creep zone is always contained in the cyclic 
zone, which in turn is contained in the monotonic zone. Region 4 can be larger 
than Region 2 for sufficiently large hold times. However, for short hold times 
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waveform 
the creep zone will be contained within the cyclic plastic zone, which will 
always be within the monotonic plastic zone. During the period in which the 
creep zone (Region 4) grows through the cyclic plastic zone (Region 3), a 
creep—fatigue interaction can be expected to occur. This will give rise to crack 
growth as well as deformation transients, because the fatigue loading will 
influence the creep deformation rates as well as the rate of damage accumula-
tion. 
Analysis of crack growth data 
All data analyzed in this paper was obtained on a single heat of ICr-1 Mo-
0.25V steel manufactured in accordance with the ASTM Specification for 
Vacuum-Treated Carbon and Alloy Steel Forgings for Turbine Rotors and 
Shafts (A 470, Class 8). The tensile and steady state creep properties have 
been extensively characterized at 427, 482. and 538°C in previous papers (7)— 
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(9). The pertinent creep constants. equation (1), were taken as 5.18 x 10' 
(MPar" hr n = 10.5, with Young's modulus taken as 1.62 x 10' MPa. For 
additional data, the reader is referred to the earlier papers. 
Analysis of creep crack growth test data 
Creep crack growth tests were conducted at 538°C on eight, standard 25.4 mm 
(1 in) thick compact-type (1T-CT) specimens subjected to dead weight loading 
in lever-type creep machines. The load-line deflection was recorded period-
ically during all the tests. In two of the tests, the crack length was monitored 
using the electric potential drop method (20). The crack growth rates during 
these tests were calculated using the secant method. In other tests, the cracks 
were grown only a short distance and the crack extension was measured 
directly from the fracture surfaces. The crack growth rates, da/dt were calcu-
lated by dividing the crack extension by the test time. The da/dt data were 
correlated with crack tip parameters, K. Cs, C(t), and C,. The results of these 
correlations will be discussed in the next section. In the following discussion, 
the procedure used for calculating the crack tip parameters are described. 
K was calculated using the standard expression given by Srawiev (21). 
For calculating C* using equation (7), a steady-state deflection rate, 1;„ is 
required but it cannot be measured unless the test itself is under steady-state 
conditions. Since none of our tests were entirely under steady-state conditions, 
an expression was used to calculate C* in which the steady-state deflection 
rate was analytically estimated. That expression is given as follows for CT 
specimens (6)(22) 
A W  " +1 
C* — 
 (1 — a/Wr 
h, 
 ''(1A55 a1B) 	 (?) 
In this equation. A and it represent the steady-state creep constants, W = the 
specimen width. B = the specimen thickness, and P = the applied load. The 
factor a, is given by the equation 
a, = [12a/(W — a)) 2 + 4a/(W — a) + 2] 112 — {2a/(W — a) + 1) 	(10) 
and h, (a/ W, n) is a dimensionless calibration function given in (22). 
The crack tip parameter C(t) was calculated using equation (3). To obtain 
an average value of C(t) during a time interval. equation (3) was integrated 
with respect to time and divided by the time interval. The values of K and C* 
were considered as constant within the small crack length interval and were 
calculated at the average crack length for the interval. Thus, the average C(t) 





C* 	 ( 1 
ti 4. — E(n + 1) 
In cases where t, was zero it was assumed to be 1 second to avoid the singu-
larity. 
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The average value of C, over an interval t, t t i ,, was calculated using 
equation (6). F'/F, C*. and n were calculated for the average a/ W over the 
interval. The deflection rates were calculated as follows 
=(V+1 — vi)Ati+1 — ti) 	 ( 
The deflection rate due to creep was estimated by using the expression (23)(24) 
= V— P(210E) 
	
( ti) 
Analysis of fatigue crack growth data with hold times 
Fatigue crack growth rate behaviour of the Cr—Mo—V steel was characterized 
at 538°C for loading waveforms which included hold times of 0 s, 50 s. 0.5 h, 
and 24 h (25)(26). 
The tests with 0 and 50 second hold times were conducted on 1T-CT speci-
mens in servo-hydraulic test machines. The crack length was monitored by the 
electric potential drop method. The 0.5 and 24 hour hold time tests were con-
ducted on creep machines in which the tests were periodically cycled by 
unloading followed by reloading. The unloading and reloading times during 
all the hold time testing was on the order of 0.5 seconds. The 0.5 hour hold 
time test was conducted on a 1T-CT specimen. The twenty-four hour hold 
time tests were conducted on multiple-edge-crack (MEC) specimens. The 
MEC specimens contained five shallow edge cracks of different sizes. These 
specimens were cycled constant load amplitude for periods of six months to a 
year and then the specimens were broken open at the various crack locations 
to determine the crack extension. Thus, five crack growth rate data points 
were obtained from each test. The overall cyclic crack growth rate da/dN, was 
correlated with AK in earlier studies (25)(26). The time rate of crack growth 
during the hold time were correlated with the average value of the C, param-
eter during the hold time as a part of this study. 
The above cyclic tests were conducted in a dominantly small-scale creep 
regime. The longest hold time of 24 hours was much smaller than the smallest 
transition time, t T (equation (10)) which was at least 585 hours. Hence. the 
transient term in equation (9) will dominate the magnitude of C, and the C* 











In order to estimate C„ it was necessary to determine the values of F'/F for 
the MEC specimens. Since the cracks were small, the F'/F values for single-
edge-notch (SEN) specimens were used. Finite element analysis was performed 
on the specimens (27) to assure that virtually no interaction occurred between 
the various cracks. Thus, the use of SEN K-calibration expressions is justified. 
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The average crack growth rate during the hold time was calculated as 
follows 
	




clblj o} n 
where da/dt l in is the average da/dt value during the hold time and (da/dN) 0 is 
the crack growth rate per cycle for zero hold time. Therefore, the fatigue con-
tribution to the overall cyclic crack growth rate was subtracted in order to 
estimate the average da/dt during the hold time. 
Results and discussion 
In this section. the results of the crack growth rate correlations with the 
various crack tip parameters are presented and subsequently discussed in light 
of the.thres types of transients described in Section 1. First, the creep crack 
growth rate data are discussed and then the results of the fatigue with hold 
time tests will be discussed. 
Creep crack growth data 
Correlation between da/dt and K 
The correlation between creep crack growth rate, da/dt, and K is presented 
in Fig. 5. In general, da/dt increases with K for a given specimen, but the 
correlation does not appear to be unique for two reasons. The first is the 
possible violation of the small-scale-creep condition in the test specimens. This 
can be examined further by comparing the test time with the transition time, 
c.r . Table 1 lists some typical test times along with the transition times based 
on the average crack length during the various tests. From these comparisons, 
it appears that significant creep deformation could have occurred during the 
tests and may have caused the lack of correlation between da/dt and K. 
However, the above transition time calculation is valid only for a stationary 
crack, and when moving crack considerations are taken into account. the 
extent of creep deformation can be significantly less in the test specimen than 
predicted by equation (10). The second reason for lack of correlation between 
da/dt and K is due to the non-uniqueness of the relationship between K and 
Table 1. Total tat times compared 
with the Intrados tem 
times, tf , for creep crack 
-teats 
Test time Ihrsi 	 t r thrs) 
2035 	 64 298 
760 499 
950 	 3124 
4203 7118 
4847 	 21 379 
220 373 
6K-54596T/-MEPL-t HITEMP/1 R7017 
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FIR. £ Correlates. between creep track growth rate all the awn. waralty parameter. K 
the crack tip stress, even under SSC conditions. This is evident upon exami-
nation of equations (2) and (3). Under SSC conditions. the crack tip stress field 
characterized by C(t) is clearly a function of K and time, t and not just K. The 
creep zone size and its rate of expansion are similarly dependent on K and 
time under SSC conditions. equation 14). However. equations (2)—(4) are for 
stationary cracks and the conditions for movinsi cracks are different. A general 
and complete crack tip stress field solution for a growing crack under creep 
conditions is not available. Some early work of Hui and Riedel (28), recent 
work of Hawk and Bassani (29), and by Hui (30) may be used to make quali-
tative arguments on when a unique relationship between da/dt and K can be 
expected. This is further explained below. 
We consider a moving Cartesian coordinate system attached to the crack 
tip with its x axis located along the crack plane and perpendicular to the crack 
front Under SSC conditions, K controlled crack growth can occur only if 
aa(x, t)/at = 0, where, a(x, t) represents the crack tip stress. This is possible 
only if the creep zone is non-existent or its size remains constant with time. In 
other words. = 0. The numerical results of Hawk and Bassani (29) in Mode 
III (Fig. 6) show that such a condition is theoretically possible (at least in arr:, 
approximate way). In Fig. 6, the creep zone size is normalized by a reference 
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Fig. 6. Normalized creep zone size as a function of normalized time for a growing and stationary 
crack in Mode III (from Hawk and Bassani (29)) 
creep zone size. rR , and is plotted as a function of time normalized by a refer-
ence time t R . The creep zone size for a stationary crack is also shown for 
comparison. Up to a O R value of 2.0. is non zero, therefore steady-state 
relationship between da/dt and K is not expected. For t/t R > 2.0, the creep 
zone size appears to be approaching a constant size and a unique da/dt vs K 
relationship may be obtained. The amount of crack extension prior to attain-
ment of steady-state conditions is dependent on da/dt and the creep proper-
ties. It is expected that K-dominated conditions will be promoted for 
extremely creep brittle materials and at high da/dt values. More experimental 
work is needed in order to determine a quantitative criterion for K-controlled 
creep crack growth. 
Another result which can be derived from Fig. 5 is that the creep zone size 
ahead of a moving crack is smaller than predicted from stationary crack con-
siderations. Therefore, for growing cracks. the conditions of SSC prevail for 
longer periods than predicted by transition time, ! T., equation (l0). 
Correlation between da/dt and C' 
Figure 7 shows that the correlation between da/dt and C* is not good. Since 
a significant portion of the various tests were in the SSC and TC regions 
where C' is not valid as a crack tip parameter, this result is not surprising. 
Correlation between da/dt and C(t) 
The correlation between da/dt and C(t) is shown in Fig. 8. A unique corre-
lation appears to be lacking. The crack tip parameter C(t) accounts for the 
stress relaxation at the crack tip due to creep in the SSC and the TC regions 
TRANSIENTS IN ELEVATED TEMPERATURE CRACK GROWTH 	 13 
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Fig. 7. Carreto/on hawses creep crack growth rate sod the C' lategrat 
and characterizes the amplitude of the HRR fields for stationary cracks. 
However, when growing crack effects become significant over the creep zone. 
C(t) loses its significance because, as shown by the finite element analysis of 
Hawk and Bassani (29), HRR type stress fields are annihilated. The new singu-
larity which develops at the crack tip is not of HRR type (28). This expiains 
the lack of correlation between da/dt and C(t). 
Correlation between da/dt and C, 
Figure 9 shows the same creep crack growth data which was plotted in Figs 
5, 7, and 8 but correlated with the C, parameter. There is an excellent corre-
lation between (laid/ and C. The two slashed points represent data from the 
very early portion of the test. The reason for why they do not fall in the 
general trend will be discussed later. 
The C, parameter is uniquely related to the rate of expansion of the creep 
zone size, equation (8), and the stress power release rate, equation (5) in the 
SSC regime. Neither of these definitions of C, are affected by crack growth. In 
estimating C,, the creep zone expansion rate should be determined from an, 
appropriate analysis. When deflection rates are measured and used to estimate 
10 5 i --o 4 
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da/dt vs. C(t).,. 
105
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Fig. 8. Correlation between creep amen growth rite and the C(t) parameter 
C, such as in equation (6), the influence of the growing crack on the crack tip 
stress field is automatically reflected in the measured value of the deflection 
rate due to creep. Similarly, the influence of primary and tertiary creep is also 
included in the measured deflection rates of specimens (31). 
In the correlation between daldt and C, shown in Fig. 9, there are data 
which were obtained under a variety of conditions, ranging from SSC to exten-
sive creep or SS conditions. The following parameter, r, determines the extent 






For SSC conditions. r 4 1. For extensive creep conditions C, = C* therefore, 
r = I. The values of r ranged from 10 - Z to essentially 1 for the various points 
included in Fig. 9. It is clear that the data span a wide variety of conditions 
ranging from SSC to SS. Recently, several other experimental studies have 
shown that creep crack growth rate over a wide range of conditions correlate 
!Intl 	 ui 	i timid 	bawd 	mid 	t 	jinn 
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Fig. 9. Correiation between creep mat* growth rate and the C, parameter: slashed points represent 
data from the very early poram of the test 
extremely well with C, (32). Hence, it can be stated that C, is able to account 
for the influence of deformation transients adequately. 
The two slashed points from the very early portions of the test were in the 
region where crack growth transients operate. A rough estimate of this rezion 
is 0.25 mm. The analytical calculations show that the crack should advance by 
fifteen intercavity distances before steady-state crack growth rates can be 
established (4). If intercavity distance is on the order of 10 pm. the amount of 
crack extension required prior to establishment of steady-state is 0.15 mm. 
This compares favourably with the experimental findings. 
Creep—fatigue crack growth data 
Figure 10 shows the average time rate of crack growth (equation [51 during 
the hold time for hold times of 50 s, 30 minutes and 24 h. The data for each 
hold time are plotted with a different symbol . and are correlated with the 
average C, parameter estimated from equation (14). For comparison, the creep 
crack growth data are plotted in the same figure for comparison. There 
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Fig. 10. Creep—fatigwe crack growth rates as correlated with the C. parameter 
rates for various hold times when correlated with C. However, there is a 
significant difference between the crack growth rates under creep conditions 
and those under creep—fatigue conditions. This difference can be attributed to 
the crack growth transients introduced by unloading. Correlating the data 
with C, does not account for these transients. On the other hand, the deforma-
tion transients from the expanding creep zone appear to be completely nor-
malized when the crack growth rates are correlated with the C, parameter. 
The excellent correlation between da/dt and C, during fatigue with hold 
time has several interesting implications. By inspecting equations ( and (9) it 
is evident that. even for a given loading waveform and cycle time (constant to, 
the average C, is not uniquely determined by K because of the additional 
crack size and geometry dependent term FIT. However. in the past. fatigue 
crack growth data at elevated temperature have been routinely correlated with 
AK for constant loading waveforms and cycle times (25)(26X33). These corre-
lations have been obtained with a simple specimen geometry, mostly CT speci-
mens for which F'IF does not vary significantly over a wide range of crack 
length interval. Also, if the cycle times are small, the contribution of the time-
dependent crack growth is small and the overall crack growth per cycle 
(da/dN) can be dominated by the cycle-dependent portion which correlates 
with K. Thus. it may be that the correlation between da/dN and AK observed 
in the past have been fortuitous. To the knowledge of the authors, there is no 
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• - 0.6 Hour Hold Mug 





• • :• 
• I 1 1 11111 	I 	1 1 111111 	1 	1 11111 	1 	1 1111111 	1 	1 1 111111 	11 1111111 	I , 	I  
10 1 10° ict le le 104 
cwavg (in-lb/in2/h.r) 
Fig. 11. Creep-fatigue crack womb data correlation with the C(t) Parameter 
10 4 
102 
1 0 5 
10-6 
10-3 10-2 
TRANSIENTS IN ELEVATED TEMPERATURE CRACK GROWTH 	 17 
elevated temperature crack growth data on the same material from two very 
different specimen geometries for long cycle times. 
On the other hand. if da/dt were correlated with C(t) for creep—fatigue crack 
growth. unique relationship between da/dN and OK for a constant cycle time 
and loading waveform is in fact implied. Figure 11 shows the same. data corre-
lated with the average C(t) parameter, according to equation (2) with t H., 
taken as th and t i taken as 1 s. The lack of correlation between the data for 
various hold times is clearly evident. Therefore C(t) is unable to normalize the 
influence of deformation transients. 
A significant difference between the da/dt values for creep and creep—fatigue 
crack growth exists for hold times of 24 h. If the hold time is increased further. 
this difference should gradually vanish. From these data it appears that the 
time needed for creep—fatigue interactions to vanish is much larger than 24 h 
at the load levels used during testing. 
In correlating da/dt with C, for creep—fatigue crack growth tests. the analyti-
cal expression. equation (9), was used to estimate C,. For reducing the creep 
crack growth data the experimentally measured values were utilized. A 
possibility exists that some difference between creep crack growth and creep—
fatigue crack growth maybe due to differences in expression for estimating C,. 
18 	HIGH TEMPERATURE FRACTURE MECHANISMS AND MECHANICS 
Specifically, the value of aFjo) was chosen to be one because for CT specimens 
this value has been shown to give estimates of C, (32) which agreed with 
experiments on 1.25Cr-0.5Mo steels. On the other hand, the finite element 
calculations yield a value of 0.13 for #r c(0) and the difference was thought to 
be due to the presence of primary creep. The extent of primary creep may be 
different for 1Cr-1Mo-0.25V steel used in this study as compared to the other 
steel. Therefore, the value of 67. JO) of one is not completely justified for this 
material and there is some uncertainty in the calculation of C, for the creep—
fatigue tests. However, the uncertainty factor is a constant: therefore, it does 
not influence the conclusions regarding the general trends. It is also unlikely 
that the discrepancy, if any, in the estimation of C, is two orders of magnitude 
which is what it will take to collapse the creep—fatigue and creep crack growth 
into a single trend. Therefore, we feel that creep—fatigue interaction effects are 
strong. There is a need for developing models which will predict the extent of 
creep—fatigue interaction effects for making accurate life time predictions of 
elevated temperature components. 
Summary and conclusions 
In this paper. an effort was made to correlate creep crack growth rate data 
developed under conditions ranging from small scale to extensive creep on a 
ICr—IMo-0.25V turbine rotor steel with several crack tip parameters. The 
data clearly show a lack of correlation with K, C*, and the C(t) parameters, 
but good correlation was obtained when the data were plotted with C,. The 
creep—fatigue crack growth rates during hold times ranging from 50 s to 24 h 
and under small scale creep were also shown to correlate with C, for the same 
material. The crack growth rate vs C, relationship is significantly different for 
creep as compared with creep—fatigue conditions. 
It was also shown that the transient crack growth characterized by non-
unique da/dt vs C, behaviour is observed early during creep crack growth 
tests. In reporting creep crack growth behaviour, it is recommended that the 
data developed over the first 0.25-0.5 mm of crack extension should be dis-
carded to avoid the influence of such transients on the creep crack growth 
behaviour reported. Since such transient behaviour is important for com-
ponent life times, it should be studied in greater depth. 
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INTRODUCTION 
ritical gas and steam turbine, power-plant boiler, and petrochemical 
ctor components that operate at elevated temperature tend to develop 
Mks during the early stages of service life. Some components contain 
ck-like defects even as they enter into service. These defects can grow 
!cause failures during service. Some examples of major failures in the 
ver industry involving elevated temperature components where creep 
a major contributing faCtor are described in Ref 1 to 3. These failures 
ulted in millions ofloAdollars in down-time and repair costs and, in some 
es, also loss of human lives.' Thus, crack growth under creep conditions 
major industrial problem. 
'urther impetus for studying creep crack growth comes from the need to 
;ess the remaining life of components that have been in service and are 
?•oaching their originally predicted design life. More and more equip-
mt operators such as the Air Force, Navy, utility companies, and 
.rochemical companies are turning to a retirement-for-cause (RFC) 
ilosophy rather than rely on life predictions made several years ago that 
re based on concepts that are now out-dated.' 
'allures due to creep can be classified either as resulting from widespread 
bulk damage, or resulting from localized damage. Structural components 
it are vulnerable to bulk damage are subjected to uniform loading and 
iform temperature distribution during service, for example, thin-wall 
res. The life of such a component can be estimated from creep-rupture 
ta. On the other hand, components that are subjected to stress and 
npe.rattire gradients (typical of thick section components) will not fail by 
!ep rupture. It is more likely that, at the end of the predicted creep-rupture 
a crack develops at a critical location, which propagates and ultimate-
causes failure. Figure 1 shows cracks in the interior of a steam header 
at had been in service for 24 years!' The cracks emanating from holes in-
ated and propagated to some distance by thermal fatigue. However, the 
ntinued crack growth may haVk been due to creep from pressure stresses. 
In this paper, the concept§ of time-dependent fracture mechanics (TDFM) 
r characterizing creep crack growth behavior are reviewed. We start by 
rst describing the stresses in front of crack tips in creeping solids. This in-
udes a discussion of the crack tip parameters for characterizing creep crack 
•wth. The microscopic aspects of creep crack growth and the metallurgical 
iriables affecting the icre4 crack growth behavior are discussed in the 
ibsequent sections 4 this paper. 
Fig. I ligament cracks on the inside surface of the Mississippi 
Power and Light header used as test material•n this study. 
(Coi riesy of Babcock and Wilcox Co.) 
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Fig. 3 (a) Crack tip coordinate system and arbitrary line integral 
contour. (b) Schematic illustration of the energy rate interpretation 
of C'. 
Fig. -1 Creep crack growth rate behavior of 304 stainless steel at 
594 "C (1100 °F) as a function C. for two specimen geometries. 
difference between two identically loaded bodies having incrementally dif-
fering crack lengths: 
1 	dLl' (4) 
B da 
where U • is the power or energy rate defined for a load P and an associated 
load-line displacement rate, V, as shown in Fig. 3(b); H is the thickness of 
the cracked body. The other property of C . is its ability to uniquely 
characterize the stress distribution at the crack tip. For a power law creep 
material, the crack tip stress is given by:" 
	
C' 	! 
— I ALI- *naiiai ' n) 
where cio(O,n) is an angular function and I„ is a nondimensional constant 
with a value ranging between 3.8 and 6.3 for a range of n values. The 
numerical values of both are listed elsewhere." Here, r is the distance from 
the crack tip. 
Figure .1 shows a plot of creep crack growth rate, da/dt, as a function of 
the C'-integral in 304 stainless steel obtained from specimens tested at 
594 °C (1100 "F). 13 There is good agreement between data obtained from 
compact -1 ypetenand the center- crack-tension (CCT)specimens. There is 
now considerable experimental evidence to show that under steady-state 
conditions C' is able to characterize the creep crack growth rates. 
In addition to calculating the value of the contour integral (Eq 2) or 
measuring it using Eq 4, there are two other methods of determining C. 
The first of these methods is suitable for determining C' in test specimens 
where the load, the load-line deflection rates, and the crack size 
measurements arc available. A number of investigators" 1 G have used this 
(5) 
Page missing from report 
(C(t)),„ - (1 
- 
 (13) 
(n + 1) E t 
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iicked ligament. ieligtii), the amplitude factor is given by the value of 
h integral identical toe', but defined very close to the crack tip where 
p strains dominate the elastic strains.' In the extensive creep limit, 
tame integral becomes path independent and is C . . In the SSC regime, 
is also approximately given by Ref 19 to 22 for plane-strain conditions: 
defines the short-time behavior. For long times under constant, applied 
when extensive creep occurs everywhere in the specimen, C approaches 
constant, steady-state value C ., which was discussed earlier. The tran-
in time between small-scale creep (SSC) and extensive creep is approx-
ted by setting the value of Ca) from Eq 9 equal to C . : 19.22 
t, (1  - e 2 )Ki - 
(n + 1) E C . 
equations for estimating K t  and C . are tabulated for several crack con-
[rations in Ref 25 and 18, respectively. Ehlers and Riedel" have sug-
ted a convenient interpolation formula for approximately calculating 
between SSC and extensive creep: 
C( t) 	C(l, it -I 1) 	 (15) 
ri SSC, the creep zone is defined as the region around the crack tip where 
creep strains exceed the elastic strains." A measure of the creep zone 
is denoted by r,, which tends to grow in time; its radial extent around 
crack tip as a function of K 1 , t, and 0 is: 
r,(0, t) = 	 (n 	1)AIntE" k 	
- 
2 	
r,(0) 	(16) ) I 2/r(1 	p21- 
ere r, is a tiondiniensional function that can he approximated in terms 
he fi,(0) and "ci,;(0;n) functions, as plotted in Ref 19. Otherwise, r0(0,t) must 
determined numerically. In the following, En. plane-strain conditions 
:ause rc is roughly maximum at 0 = 90 0, we will refer to 1-,(0,t) as 
= 90 °,t). At 0 .= 90°, HO) = 0.2 to 0.5, depending on n. 
::(t) can also be estimated by an integral that is evaluated locally in the 
ick tip region, r 0. 20 The formulation of this integral is the same as 
, except that it is not path independent in the transient regime. In the 
!ady-state regime C(t) = C .. Because C(t) is valid for the entire regime 
tween small-scale creep and steady-state creep, it is an attractive can-
late crack tip parameter for characterizing creep crack growth. 
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The disadvantage of (Al I is that it cannot he measured in the transient 
regime. It ca i only be estimated from Eq 15. It also does not have the stress- 
power dis:iipai ion rate interpretation as C . does in the steady-stab: regime. 
However, as nano lolled before, it does characterize the amplitude oft he I ffilt 
field, which is a property it has in common with C. 
An alternate track tip parameter, C,, based on the stress-power dissipa-
tion rate was proposed by Saxena." The magnitude of this parameter can 
be measured at the loading pins from small-scale creep to steady-state creep. 
Under steady-state conditions, C, ===. C . = C(t). Recent work by Bassani et 
al." has shown that C, characterizes the rate of growth of the creep zone 
size and thus captures the history of deformation in the crack tip region. 
The definition of C, is as follows. 2' 
Based upon a partitioning of the load-line deflection, V, into a purely in-
stantaneous part, V c , and a part due to the growth of the crack tip creep 
zone or changes in creep strain rate after creep zone expansion, V„ C, is 
an extension of the C . -integral into the transient creep regime via its stress-
power dissipation rate interpretation."' The growth of the creep zone and, 
therefore, V, is intimately connected with the elastic strain rates that arise 
due to crack tip stress relaxation, as well as the creep strain rates. 
lb define the partitioning of load line displacements in small-scale creep 
(SSC), imagine a specimen with a crack of length, a, subjected to load P. The 
total load-line deflection is expressed as: 
V 	V, + V, 	 (17) 
where V, ( P, a) is the total deflection of an identical specimen that undergoes 
only the instantaneous elastic deformation, and V, is the remaining deflec-
tion that accumulates with time for the actual specimen undergoing both 
elastic and creep deformation. The latter elastic deformation is caused by 
the redistribution of stresses at the crack tip. It is important to note that 
V, and V„ are not compatible with the elastic and creep strains, respective-
ly, of the specimen. In fact, because in SSC V, is due to the growth of the 
crack tip creep zone, it is intimately connected with the crack tip stress relax-
ation and 1 he associated elastic strain rates. It may be recalled that in the 
time-independent elastic-plastic case, Edmonds and Willis 28 have 
demonstrated that this partitioning is asymptotically exact (see 
Hutch nson 29 for an analogous discussion based on the Dugdale solution). 
Note that for a stationary crack under constant load, 
C, is defined as the instantaneous rate at which stress power is dissipated. 
Consider several identical pairs of cracked specimens. For each pair, one 
specimen has a crack length a and the other has a crack length a -i- 4a. The 
specimens of each pair are loaded to various load levels P,, P2, P3 - - - -1)1, etc., 
at elevated temperature. It is assumed that no crack extension occurs in any 
of the specimens and that the instantaneous response is linear-elastic with 
(1 4) 
Page missing from report 
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,averted to K by the well-known relationship K 2/E = (I )2/213)(dC/da): 
K 2 — 2(1 	p 2 ). -&
7
---F'/F 
lext, substituting for r, front Eq 16 yields: 







144 (--Lt )"-1 
'here the geometric factors F and F' are defined as follows: 
F = (K/P)BW " 2  and F' = dF/d(a/W) 
2 
11 	1 	\III- 
= 	1/27r 	 n 	13 for 3 
( 
1.38n ) 
'here W is the width of the specimen, and K is the elastic stress-intensity 
ictor as defined before. Equation 21 is very convenient for obtaining (C, ) sx 
i test specimens when load and deflection rates are measured. It also 
rcumvents the problem of determining the values of (3 and eon. However, 
ie value oft3i-c(B) should be determined for estimating C, in components. 
has been estimated to be approximately 1/7.6 by comparing C, values from 
q 21 and 23 in a finite-element analysis." In earlier work, 26 th is value was 
iosen to be unity on the basis of experimental data. This discrepancy be-
veen the experiments and analysis results from primary creep deforma-
on that was not considered in the analysis. This will be discussed further 
the next section. 
The expression for determining C, over a wide range of creep deformation 
in be written as follows: 
CI — (C IL i C' 	 (26) 
o calculate C, in Eq 26, (C,),„ can be substituted from Eq 21 or 23, and C ., 
'hich was given in terms of a path-independent integral, can be obtained 
-om solutions given in Ref 10 Combining Eq 23 with Ey 9 provides a con-
enient means for predicting C, for components, and combining Eq 21 with 
:q 6 yields a convenient method of obtaining C, for laboratory specimens. 
In SSC, C, is related to the rate of growth of the crack tip creep zone as 
. evolves with time (Eq 221. Furthermore, note from Ey 13 and 22 that under 
mall-scale creep conditions: 
(C,),„ = 1411 - 	n ► I (F1F) 	(C(t)),„ 	(27) n — 1 
Thus, (C,),„ is clearly nut equal to (C(t)L„, which characterizes the 
amplitude of the MIR stress fields. In fact, the ratio of the two parameters 
is also not constant because of r, on the right side of the equation, which 
is function of time (Eq lb). However, in a specimen under constant load and 
crack size, the relationship between (C,),„ - and (CM),„ is single valued, 
because for a given time, there can only be one r, and one :ftlL . This obser-
vation, when combined with the observation that C, C(t) = C' in the ex-
tensive creep regime, has the following implication. The two parameters 
C, and C(t) are not the same over a wide range of creep conditions; hence, 
both cannot correlate a wide range of creep crack growth data in a single 
trend. This is because C, and C(t) are equal under extensive creep condi-
tions, but have different time dependencies in the SSC regime. Thus, only 
one or neither of the two parameters are expected to correlate wide range 
creep crack growth data. Experimental studies have definitely shown that 
C, correlates wide range creep crack growth data, as will be discussed in 
detail later in this section. 
Recall that sett ing(C(t)),„. in Eq 13 equal to C' yields an estimate for the 
transition time t1 given in Eq 14. Similarly, C, in Eq 23 can be equated to 
C' to give another estimate of the transition time t, which must closely 
approximate t 7 . Therefore, with i = t t , an interpolation formula for C, 
from small-scale to extensive creep that is similar to Eq 15 for C(t) is: 27 
n = 3 
= 	(tlit) n-1 t 1 J 	 (27a) 
C, can be estimated in test specimens for conditions ranging from small-
scale creep to extensive creep by substituting Eq 21 and 6 into Eq 26 and 
simplifying:''  
C,= 	 F'/F + C*( I-LT — 
Bw 
All terms in Eq 28 have been defined earlier. Figure 6 compares the 
estimated value of C, from a finite-element analysis of a CT specimen n using 
Eq 26, 27, and 28. The estimates of C, from Eq 26 and 27 are in-
dist ingnislnible a nd compare extremely well with those from Eq 28 (termed 
C, (PV) from SSC to extensive creep conditions. Figure 6 also compares the 
values of C, with Clt). As expected, the two parameters diverge in the SSC 
regime and become equal in the extensive creep regime. 
2.3 Consideration of Primary Creep 
The assn rcpt ion of elastic power-law creep is often not sufficient to describe 
the complex deformation behavior of several engineering materials at 
(28) 
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elds can lie written in the I MR format as: n 
	
Riedel and 1 tetainpel n have recently modified Ey 32 to include only primary 
creep in the small-scale creep regime (Eq 34): 
there all terms have been defined previously. It should be noted that by 
he correspondence principle, the stationary stress states for time-hardening 
rimary creep (first (gum in Eq 24) and secondary creep are the same. 
When a steady-state creep zone is growing out of the primary creep zone 
uch that both terms on the right side of Eq 29 are comparable in magnitude 
omewhere in the cracked body, it cannot be shown rigorously that the 
: . -integral in Eq 2 is path independent. This regime also corresponds to 
onditions of extensive creep. It is understood in discussion of primary creep 
ifects that the C .-integral in Eq 2 becomes time dependent, whereas the 
lore narrow definition of Ref 6 pertains to steady-state secondary creep con-
itions only. However, recent finite-element numerical calculat ions have 
hown that C' in this regime is in fact path independent to a good degree 
approximation." It thus follows that C, is approximately equal to C in 
his regime and that the HRH amplitude factor C(t) is also approximately 
qual to C. Hence, C, = CU) in this regime of extensive creep conditions in-
olving both primary and secondary creep behavior. We can thus make use 
f the recent interpolation formula derived by Riedel and Detainpel" for 
stimating C(t) in this regime to also estimate C,: 
C, = C(t) = ht2/t)''''" " 1- 1IC 	 (32) 
/here C represents the steady-state value at time t 	00 when secondary 
reep conditions dominate, and t2 is a transition time obtained by the follow-
rig expression: 
Cn 
t2 	 )(I p)ip (33) yl 1 + WC' 
311.  can be obtained' fur various cracked geometries by substituting 
1, (1 + 	for A and n, for n in Eq 9, which was originally derived for 
alculating C'. Thus, from the knowledge of the primary and steady-state 
reep constants, geometry, crack size, and applied stress (or load), C(t) (or 
:,) can be completely calculated from handbook-type solutions." 
Next, we look at incltisiOtt of primary creep when small-scale creep con-
itions exist. For sniall4cale primary creep alone, the HRH amplit tide factor, 
40, and the creep zone size has been estimated by Riedel?' Furthermore, 
The value of C in Ey 34 corresponds to the steady-state value of the 
C-integral. The above equations also assume that, in the presence of signifi-
cant primary creep, the transition to extensive creep conditions is dominated 
by the primary creep strains, as opposed to steady-state creep as in Eq 15. 
This assumption is realistic because the initial primary creep rates are 
significantly higher than the secondary creep rates. If primary creep is not 
relevant, p = 0, and the magnitude oft, = t T. Therefore, the expression for 
C(t) becomes consistent with the earlier expression for C(t) for elastic 
materials deliirming by elastic power-law creep (Eq 15). 
In the definition of C, for small-scale creep, there is a provision to include 
primary creep deformation. For example, Ey 22 is general and is valid for 
any type of creep deformation behavior. However, the expression for r to ust 
include the correct deformation law. Assuming that when priinary creep 
is present the transition from SSC to extensive creep will be dominated by 
the spread of the primary creep deformation, the following expression for 





	• l(ni + 1)(1 + p)A11" 	" 
2 
1 	1 	11 	2 	i t (if p) 	- ) 
1 	p n,-1 
(36) 
where all terms in Ey 36 have been defined before. Thus, substituting Ey 
36 into Eq 22 gives the expression for (C i )ss„ in the presence of primary creep. 
The wide range expression for C, in the presence of primary creep can also 
be derived as: 
C, = (CIL 1 11.2/1.)" I I)) t 11C • 	 (37) 
where ((:,),„ is derived as mentioned previously. Considerable numerical 
work has been performed recently to verify the validity of Eq 37. 32 For test 
specimens limier creep conditions ranging from small-scale to extensive 
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correlate data. A brief discussion (Wiliest: parameters is included below. 
Under extensive creep conditions dominated by steady-rate creep, the 
ack-tip opening displacement rate and C . are related to each other 
liquely much in the same way as the relationship between the J-integral 
Id the crack-tip opening displacement derived by Shih. 43 The relationship 
as follows: 
15 g CK CNC . = 00C, 	 (40) 
here as is a constant on the order of the yield strength and the constant 
'proportionality is on the order of one. Thus, for extensive creep conditions, 
and C . (or CO can be considered as equivalent parameters. 
Under small-scale creep conditions, we can show (see Appendix for dei i va-
on) that: 
20 ) 1 2(rin KIL 2 ):5 
ad 
(c(t)),,,  = n -- 1 KW ( 2 7r )1/2 K  
I n + 1 1 - v 2 20 	4/2 6 
rhereas Eq 41 is valid for any general constitutive law, Eq 41(a) is only valid 
r elastic power-law creep behavior. From these equations, it is observed 
iat neither (CJ„c and & nor (C(0),sc and S, are related to each other by sim-
le constants. However, within the realm of SSC only, the relationships be-
veen C, and Si and also C(t) and S, are single valued. As we had argued 
-eviously when we examined the relationship between C, and C(t) rEq 27), 
,, S i , and C(t) cannot all correlate with creep crack growth rate data over 
wide range of creep conditions, because their interrelationships are unique 
ily if either SSC or extensive creep conditions are assumed. Also, if one 
these parameters correlates with creep crack growth behavior, it 
ecessarily implies that others cannot. A further difficulty with St is that 
s measurement is not practical. For this reason, there are not many exper-
nental studies in which an attempt to correlate 1, and da/dt has been made. 
The C:)„, parameter of Webster et al. 14 • 42 is determined as follows:' 















ss n=8 n=71-0Tr I 	n=3 n=8 n=10.1 1 
2.37 2.431 2.755 0.312 0.486 0.512 0.20 2. 976 1.966 
0.30 2.590 2.307 2.766 2.835 2.0688 0.357 0.555 0.585 
0.40 2 644 2.725 3.255 3.335 1.821 0.417 0.648 0.683 
0 50 3.077 3.274 3 900 3.994 1.785 0.50 0.778 0.820 
0.60 3 920 4.063 4.829 4.945 1.914 0.625 0.972 1.025 
0.70 5 700 5.340 6.338 6.489 2.255 0.833 1.296 1.366 
0S0 8.307 7.856 9.317 9.538 3.042 1.25 1.944 2.049 
where 11 in Eq 12 is the same as in Eq 6. Thus, when extensive steady-state 
creep conditions prevail, V, = V, (see Eq 6 for the definition of V„), and 
it is easy to see that C, = Under extensive primary creep, the q func-
tion changes slightly because a different value ofn applies instead of the 
one describing the steady-state creep response of the material. However, 
this dependence is small and is not of much consequence when treating 
experimental data. It thus follows that C:„„ and C, are approximately equal 
in the extensive creep regime. 
In the small-scale creep range, C;,,, is nut a viable parameter. Ex 
perimenially, it can still be determined by Eq 42 for test specimens. 
However, it must be remembered that q is derived from analogy to a limit-
load-type analysis for fully plastic structures and thus assumes that the 
specimen is under extensive creep." Therefore, the use of ri derived from 
such analysis under small-scale creep is not justified. An interesting point 
is noted when we compare Eq 42 for determining C:„-, to Eq 38 for deter-
mining C,. We find that for geometries for which 'IF = C:,,„ = C 1 . 
In a previous study, 26 the author has compared the values of ?I and ' /F 
for the CT a ial CCT specimen geometries over a wide range of n and a/W 
values. These results are reproduced in Table 1. For CT specimens, n is 
within lb% of F '/F over a wide range of a/VV and n values. Thus, Ibr the3e 
specimens, = C,. Much of the success of C:„p in correlating creep crack 
growth data may be due to the fact that a large amount of the data are 
obtained on CT specimen geometry for which it is an approximation for 
C,. It may also be mentioned that the C i parameter ofJaske" and an old 
version of C," are identical to 
(41) 
(41a) 
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:xperinient a fly shown to correlate with CCGR behavior over a wide range 
creep conditions, it implies that a unique relationship between CCGR 
d the other two 'parameters cannot exist for the same conditions. 
n this section, creep crack growth data in a recently concluded ASTM 
()gram' on a Cr-Mo-V steel at 594 °C (1100 'F) are analyzed using dif-
-ent crack tip parameters. (Fig. 8 to 11). These data were developed using 
mpact-type specimens that were 50.8 mm (2 in.) wide. The steady-state 
yep deformation behavior in this material is shown in Fig. 12. No further 
nsideration of I, is possible, because no systematic studies where it has 
en measured are available. 
Figures 8 to 11 show plots of the creep crack growth rate, da/dt, as a func- 
m of K ea, which is a plasticity-modified stress-intensity parameter, C ., 
t), and C„ respectively. Specimens 19 through 22 were 6.25 mm (0.25 in.) 
Lick and specimens 11 and 12 were nominally 25.4 mm (1 in.) thick with 
25% side groove. 
As expected from the previous discussion, little correlation ex ists between 
to data from different specimens when plotted with KM. Figure 9 shows 
similar lack of correlation with C ., indicating that transient conditions 
revailed during these tests. C' was calculated using Eq 9. A parameter', 





When steady-state conditions are reached, C, = C . and r approaches 1. 
Nhen highly transient conditions exist, r < < 1. The values of r at the 
ieginning and end of each test are listed in 'Bible 2. Also listed are the tran-
ition time sr  and the test duration, to. In several of the tests, the value of 
• is considerably less than 1, thus confirming that the specimens were under 
ransient conditions at least for some time during each test. 
A similar lack of correlation is also observed when da/dt values are plot-
Led with CO las determined from Eq 15. However, when the same data are 
plotted with C,, they correlate very well with each other. Sonic distinction 
can be made between data from the 25.4-mm-thick side-grooved specimens 
Ind the 6.25-mm-thick non-side-grooved specimens. This may be attributed 
:o the state-of stress effects. The side-grooved specimens are expected to be 
under plane-strain conditions, whereas the others are closer to plane-stress 
conditions. Riedel and Detampe1 32  have also made a similar evaluation of 
C(t), and C, on a 2.25Cr-Mo material tested at 540 °C and have reached 
he conclusion that better correlations are obtained when creep crack 
crowth rates are plotted with C,. 
Mechanics and Mechanisms of Creep Crack Growth 13119 
Table 2. Values of I and Transition Time During 
Various Creep Crack Growth lbsts 
Specimen II) 
'11,st du r u t' h Li t, 
CT-19 	 0 557 0.300 26.3 266.7 10.1 
0.610 0.053 6.76 39.5 
Cl' 20 	 0 561 0.125 16.2 108.3 6.7 
0 590 0.044 7.69 14.1 
CT 21 	 0 520 0.5 15.3 187.1 12.2 
0.616 0.00646 1.34 139.6 
CT 22 	 0 516 0.260 8.89 84.7 9.5 
0.593 0.0136 1.40 60.5 
SC 11 	 0 550 1 3.86 53.6 13.9 
0.653 0.296 0.24 223.3 
SG-12 	 0 551 0.90 2.25 29.2 13.0 
0 616 0.70 0.42 69.5 
The data shown in Fig. 11 and from other studies' clearly show that C, 
should be the crack tip parameter of choice for correlating creep crack 
growth rate data. However, it was surprising that the correlation between 
da/dt and C(t) is not better than the correlation with C'. From examining 
the ratios to/t, given in Table 2, it is expected that all tests should lie in the 
extensive creep regime, and the data should correlate just as well with C' 
as with Cit) and C, because all three are the same in this regime. This point 
merits further discussion. 
The measured values of C, are significantly higher than the values of 
indicating that transient conditions still existed at times significantly larger 
than tr. It may be argued that the t r estimate of transition time in Eq 14 
is for stationary cracks, and it may not be an accurate representation oft he 
transition time for growing cracks. However, these differences are too large 
for such a simplistic explanation. At this point, there is no rigorous explana-
tion for this behavior. However, Bassani" has recently given an explana-
tion that has considerable appeal and is discussed below. 
In the remaining ligament of CT specimens, there is a point (neutral axis) 
where the stress fields change from tension to compression. The region along 
this point is subjected to low stresses. As crack advances in a creep crack 
growth test and the remaining ligament shrinks, the neutral axis also 
shifts. Thus, a previously undeformed region now undergoes creep defor-
mation, which possibly increases the transition period. Such an effect will 
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Fig. 13 Creep crack growth behavior of Cr-Mo and Cr-Mo-V base 
material. The data include all ex -service and new material data. 
3. CREEP CRACK GROWTH TRENDS 
IN ELEVATED TEMPERATURE MATERIALS 
In this section, the creep crack growth behavior of austenitic and ferritic 
steels used in elevated temperature applications is considered. Creep cracks 
in these materials grow by grain boundary cavitation, and the environmen-
tal effects are only secondary. In that sense, these materials are quite distinct 
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Fig. 12 Creep deformation behavior of A-170 class 8 steel. 
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Fig. 16 Steady-staereep rate as a function of stress fur 
1.26Cr-0.5Mo steel. 
2.25 Cr-lMo, 1.25-0.5Mo, and 0.5Cr-0.5Mo-0.25V steels. Figure 13 also 
ludes data obtained on new (virgin) material, as well as on material 
loved after several year4`'Of elevated temperature service. Despite the 
ying material compo4itibns and the thermal histories of the material 
CCGR behaviors are very similar. The scatterband is about a factor of 
it for crack, growt h rate- 
Figure 1.1 shows the influence of temperature on the CCGR behavior of 
1Cr - lMo - 0.25V steel. Again, the behavior at 482 °C (900 °F) and 538 ''C 
(1000 °F) is very comparable, even though the creep deformation rates at 
these temperatures for the material are very different (Fig. 12). The lack 
of strong material composition and temperature dependence of CCGR 
behavior requires further explanation. 
Consider two identical cracked specimens of the same material loaded 
with identical loads, except that one is subjected to a temperature T, and 
the other to a temperature T2 > T 1 . 1b simplify matters, assume that both 
specimens are under steady-state conditions and that the creep crack growth 
rate correlates with C'. lb estimate C ., either Eq 6 or 9 can be used. Because 
the applied load (or stress) is the same in the two specimens and n does not 
change significantly with temperature, the value of C . from Eq 9 depends 
strongly on the value of A or on the value of K if Eq 9 is used. In either case, 
a higher value of C . is predicted for the test at temperature T2 compared 
to Tr. Thus, even if the da/dt versus C' relationships at both temperatures 
were the same, the crack growth rate in the higher temperature specimen 
is expected to be much faster. 
From the above argument, it appears that correlating creep crack growl h 
rate with C . (or C1) provides a first-order normalization with respect to 
changes in temperature. The same argument can be applied to rationalize 
the similarity in the da/dt versus C, relationship for materials with different 
compositions. However, these trends are expected to hold true only when 
there are no substantial changes in rupture ductilities due to changes in 
temperature, composition, or thermal history. When significant changes 
in creep ductilities occur, the da/dt versus C, relationship in fact changes, 
as discussed below. 
3.2 Influence of In-Service Aging 
Figures 15 and 16 show the CCGR and the secondary-stage creep 
deformation rate behavior, respectively, of a 1.25Cr-0.5Mo steel s ' from a 
component in service for 24 years. The region marked "hot" was subjected 
to a temperature of 538 °C (1000 `F) and the region marked "cold" was 
subjected to a temperature of approximately 510 °C (950 °F). Bot h the 
CCGR and deformation rates in the hot region were significantly higher 
than the cold region. The corresponding microstructures of the regions at 
low and high magnification are shown in Fig. 17 and 18. The grain size and 
the microstructure at low magnification appear to be virtually indis-
tinguishable between the two regions. There was also no evidence of creep 
cavitation at the grain boundaries in either material. However, at the high 
magnification, t he difibrence in the grain boundary carbide morphology 
becomes evident. This was further confirmed by transmission electron 
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Fig. 21 Creep crack growth behavior of Cr-Mo HAZ/FL regions (Ref 
51 and 52). 
:mperattire and higher levels of impurity (S,P,As) content results in the 
orst CCGR behavior. These rates are as much as 50 times higher than the 
orst case behavior in the HAZ/FL data of Fig. 21. 
The influence of impurities on the creep crack initiation and growth 
thavior in 2.25Cr-lMo steel was also investigated by Lewandowski et 
1. 54 ' 55 Their data also show higher crack growth rates in materials with 
igher levels of impurities. Among the Konosu and Maeda" and Lewan-
owski et al."." studies, there is controversy over the role of sulfur in caus-
ig the embrittlement. The former investigators did not find any segrega-
on ofsulfur on the fracture surface of the material that had a high amount 
['sulfur, whereas the latter investigators report considerable amounts of 
Fig.22 Creep crack growth behavior of si mutated HAZ 2.25Cr-lMo 
steel. Steel A was a high -purity material, and steel U was a low -purity 
steel (Ref 53). 
sulfur segregation. Despite the disagreement, both studies are quite reveal-
ing on the role of impurities in determining creep crack growth behavior. 
This appears to he an interesting area for further investigation. 
4. MICROSCOPIC ASPECTS OF 
CREEP CRACK GROWTH 
Figure 23 shows the cavitation damage ahead of a 1.25Cr-0.5Mo creep 
crack growth rate specimen." The tested specimen was sectioned at mid-
thickness and the area directly ahead of the creep crack growth was 
Page missing from report 
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nplicit y, only a one-dimensional array of cavities was considered, and the 
igular dependence of the stress field (which is a factor on the order of one) 
is dropped, because only qualitative trends are presently being considered. 
le crack is supposed to advance by a distance 2b when the cavity nearest 
the crack tip grows to a critical size, pc . If this occurs over a time interval, 
., the crack growth rate is: 
da 	2b 	 (45) 
dt At 
wring the time interval At, the cavity with radius pi grows to a radius p,, 
ad a new cavity of radius pN nucleates at a distance 2bN from the crack 
p. In this manner, a steady-state crack growth process can be established, 
hich leads to the following set of N integral equations: 
	
fit — P "' 
	
d p 	= 0, 1, 2, . . N — 1 
	
(46) 
here po = pc. The solution of these N integral equations yields: 
da 	(2b) "  
14 - W N 
	





dp 	 (48) 
Jr constrained cavity growth, the function can be derived from previous 
vork by Rice63 and subsequently used by Jani and Saxena: 49 
1 ( 1) )d • A 	 (49) 
2.5 	p 
vhere d is the grain diameter, and A is the power-law creep coefficient. 
Cherefore: 
= 	






— 4,N 	2 	(P 3 — P 3 ) qtql..1-.-1 A 	C 
2.5 
(51)  
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Substituting Eti 18 into Eq 14 yields: 
2n. I 1 
(52) 
(IA 	(21) " 	• 3c1 A  n* 	 )11/11 I 
_ 	 . 
dt 
2. 5 (p,! - 1(m)" +- 
J 
The following interpretations can be drawn from the model presented in 
Eq 52: 
• The crack growth rate is not very sensitive to A for a constant value 
of n. For this reason, the crack growth rates are expected to be only 
weakly dependent on temperature, which has been observed for Cr-Mo 
steels." 
• Creep crack growth rate will be sensitive to the intercavity spacing (2b), 
the critical cavity size for coalescence pc , and the cavity nucleation size 
p N . If cavities nucleate at grain boundary carbides, then the carbide 
size can be considered to be pN. Therefore, a coarsened grain boundary 
carbide structure will result in higher crack growth rates. 
Although the model does qualitatively predict the trend observed in this 
study, which is encouraging, it is important to note its limitations. The model 
assumes an idealized cavitation behavior on a grain boundary along the 
plane of the crack. It also assumes that cavity growth occurs under steady-
state stress fields characterized by the MR singularity, which limits its 
application to steady-state conditions. Also, the critical cavity radius for 
coalescence is a constant value, which may be simplification. In reality, p, 
must be stress dependent over a wide range of crack growth rates, and such 
dependence must be incorporated into the model. Also, tinder the more 
realistic transient creep conditions (SSC and TC), the stress fields ahead 
of the crack tip are relaxing with time, and the model must be modified to 
account for t hat and the stress fields must be modified to account for damage. 
The constant cavity spacing precludes simultaneous nucleation and growl li 
of cavities. This is a major shortcoming of the model. 
For the Cr-M0 material used in the study mentioned earlier," it was 
observed t hat the largest cavities ahead of a crack tip were on the order of 
70pm, whereas the average carbide size p r., was on the order of a few microns. 
If the largest cavities can be taken as pc , then the term p it, in the model 
is relatively insensitive to small changes in p N , and the crack growth rate 
will be controlled by p, . The possibility of embrittling species such as tin, 
antimony, sulfur, and phosphorus affecting the critical radius for cavity 
coalescence becomes relevant and needs to be addressed in the future. 
dt = A ( IC: 
(47) 
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MECHANISMS OF CREEP CRACK GROWTH IN 1 wt% 
ANTIOMONY-COPPER: IMPLICATIONS FOR FRACTURE 
PARAMETERS 
J. T. STALEY Jr' and A. SAXENA 2 
Mechanical Properties Research Laboratory, School of Materials Engineering. Georgia Institute of 
Technology, Atlanta. GA 30332-0245. U.S.A. 
(Received 21 April 1989: in revised form i December 1989) 
Abstract—A copper alloy with 1% (by weight) antimony was used as a model material and tested at 400'C 
to study the mechanisms of creep crack growth. At this temperature. the creep deformation in this material 
was dominated by secondary and tertiary creep. The expression for estimating C, (a crack tip parameter 
for creep conditions) in a compact type specimen used for testing was modified to include tertiary creep 
deformation. Extensive damage characterization was conducted on tested creep crack growth specimens 
using optical metailography and scanning electron microscopy. The following observations were derived 
from the test results. The creep crack growth rates correlated with C, only when intense cavitation damage 
was restricted to a region approximately 1.3 mm in size near the crack tip and no crack branching 
occurred. It was observed that the average diameter. areal density. and percent of grain boundary area 
cavitated decreased as function of distance from the crack tip. From these results it is argued that 
simultaneous nucleation and growth of cavities occur on grain boundary facets during the creep crack 
growth process. Percent grain boundary area cavitated is proposed as the most reasonable measure of 
creep damage. The critical amount of damage for crack extension appears to depend on the magnitude 
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BACKGROUND 
The development and use of materials for elevated 
temperature applications is of critical importance for 
'Present address: Rockwell International. Rockedvne Divi-
sion, 6633 Canoga Avenue. Canoga Park. CA 91304. 
U.S.A. 
To whom all correspondence should be addressed. 
many industries. Within the power generation and jet 
engine industry, there is a need for optimum utiliza-
tion of elevated temperature components which is 
being accomplished by the implementation of retire-
ment-for-cause criteria [1-4]. Components are no 
longer routinely retired at the end of their originally 
estimated design life. Thus. there is a need for 
developing accurate methods for predicting the 
0.02 ram 
Fig. 1. lntergranular fracture at room temperature in 1% 
antimony-copper. 
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remaining service life of these components for estab- 
lishing appropriate inspection intervals and criteria. 
At high temperatures. a prominent damage mecha-- 
nism for metals and alloys which can ultimately cause 
rupture is intergranular cavitation which occurs in 
response to creep deformation [5]. However. several 
high temperature structures consist of thick sections 
which are designed to resist widespread creep defor-
mation. These components do not completely fail by 
creep rupture. Instead, creep cracks initiate at the 
high stress and high temperature regions and then 
propagate to failure. A significant fraction of life of 
these components is spent in crack propagation. 
Cracks in components can often be introduced during 
fabrication such as in welded structures. In these 
components. the entire life of the component can be 
spent in crack propagation. 
The phenomenon of crack extension due to creep 
deformation and damage in the crack tip region in 
response to sustained (or slowly varying) load is 
known as creep crack growth. Creep cracks often 
zrow by nucleation. growth and coalescence of grain 
boundary cavities (6]. However, much more work is 
needed for developing a better understanding of the 
mechanisms of creep crack growth. 
In this paper, the mechanisms of creep crack 
growth at 400°C ( 0.5 TO in a Cu—I wt% Sb alloy 
are investigated. Unlike most structural alloys, the 
simple copper system contains minimal secondary 
phases and artifacts and is known to cavitate on grain 
boundaries when subjected to creep deformation 
[7, 8]. By adding 1 wt% Sb to the Cu. it is possible 
to reveal cavitated grain boundaries by intergranular 
fracture at room temperature. Recent creep crack 
growth results on the same material by Nix et al. [8] 
showed that the size of the grain boundary cavities 
ahead of the crack tip was dependent on the distance 
from the crack tip. Therefore, this material was 
considered ideal for studying evolution of creep 
damage in specimens subjected to different load 
histories. 
The objectives of this study were to (i) quantify 
grain boundary cavitation damage in this model  
material as function of the magnitude of the crack tip 
parameter. C, [9], (ii) to compare crack tip damage in 
specimens subjected to the same levels of C, but 
undergoing different levels of creep deformation vis 
vis small-scale vs extensive creep and (iii) characterize 
the influence of the level of creep damage (con-
strained vs unconstrained) on the validity of the crack 
tip field parameters which are deformation based and 
do not explicitly account for cavitation damage. This 
work is a part of an ongoing study which in the near 
future will also consider crack tip damage under 
creep-fatigue conditions as affected by loading vari-
ables such as cycle time and waveform. 
EXPERIMENTAL 
Material preparation and characterization . 
The Cu-1 wt% Sb alloy used in this study was 
produced by Oak Ridge National Laboratory 
(ORNL). 99.99% pure OFHC copper and 99.999% 
pure antimony were induction melted in a ZrO, 
crucible at a vacuum of 10' torr and cast in the form 
of 126 mm (5 in.) diameter ingot. The ingot was 
homogenized at 950°C for 5 h and extruded into a 
rectangular bar of 38.1 x 75 mm (1.5" x 3") cross 
section at 700°C. Considerable antimony segregation 
to the grain boundary occurred during the extrusion 
process itself. This was confirmed by examining 
fracture surfaces of small charpy type specimens 
taken from the as-extruded material which showed 
100% intergranular fracture at room temperature. 
Fig. 1. A piece of the extruded material was also given 
a further segregation treatment for 24 h at 675°C. The 
Auger analysis of this material compared well with 
that of the extruded material [10] implying that the 
antimony segregation was nearly complete in the 
as-extruded material itself. This also provided assur-
ance that no further antimony segregation will occur 
during the creep tests which were conducted at 400°C. 
The material had an average grain diameter of 57 am 
(Fig. 2) and was uniform on samples taken from all 
faces of the rectangular bar. Based on these results 
the as-extruded material was used for our studies. All 
bars were ultrasonically tested for defects. The defec-
tive material near the end of the bars was discarded 
to avoid taking any samples from those areas. . 
The chemical composition of the material is given 
in Table 1. Table 2 lists the short term tensile 
properties of the test material at 400°C which was the 
test temperature for all our subsequent work. The 
following equation describes the plastic strain (E,) vs 
applied stress, a, behavior 
= 5.39 x 	(cricrys )4.76 	(1) 
where. cr ys = 0.2% yield strength given in Table 2. 
Creep deformation tests 
Cylindrical specimens of 12.6 mm (0.505") diame-
ter were tested at 400°C in air under constant load 
using SATEC lever type, dead weight creep machines. 
STALEY Jr and SEXENA: MECHANISMS OF CREEP CRACK GROWTH 
	
3 
Fig. 2. Microstructure of the as extruded test material. 
Testing standards and procedures were in accordance 
with American Society for Testing and Materials 
( A STM) specification E139-79 [11]. Four specimens 
were subjected to stress levels ranging from 24.1 to 
55.1 MPa (3.5 to 8 Ksi). Continuous measurement of 
strain in the gage length was made to characterize the 
Cull creep curve. Figure 3 shows typical creep curves 
from specimens tested at various stress levels. The 
creep curves exhibited mostly secondary and tertiary 
creep deformation. The primary creep region seemed 
to be absent in this material. The data were fit to the 
following equation 
Aa" + A 3 a" , (e — Ace tY, 	(2) 
where. A, n, A 3 , n 3 and p, are regression constants 
derived from the creep data. The values of these 
constants are listed in Table 3 for 400°C. Figure 3 
shows the comparison between the measured creep 
rates and those predicted from equation (2) at various 
stress levels. Equation (2) appears to describe the 
creep deformation accurately. The steady-state creep 
rate as a function of stress is compared with other 
data in the literature [7, 12] for Cu and antimony—
copper. Fig. 4. Creep rates generally appear to 
decrease with increase in the grain size of the 
material. 
Creep crack growth tests 
Creep crack growth testing was conducted at 
400°C in air under constant load also using lever type, 
dead weight creep machines. Five standard compact 
type (CT) specimens [13] which were 50.8 mm (2 in.) 
wide and nominally 15.24 mm (0.6 in.) thick were 
fatigue-precracked at room temperature prior to test-
ing. A MTS servo-hydraulic test system under load 
control conditions was used. Subsequently, these 
specimens were mounted on a creep machine. The 
load-line deflection as a function of time was mea- 
.-  
Table I. Chemical composition of the test material 
wl%) 
Ag 	Si 	5 	Sb 	Cr 	Cu 
0.01 	0.06 	0.01 • 0.98 	0.02 	Balance 
sured using a LVDT system and the crack size was 
continuously monitored using an electric potential 
system. The details of the test method are described 
elsewhere (14. 15]. Each test was terminated prior to 
fracture to allow crack tip metallography to be 
performed for characterizing damage in the tested 
specimens. 
Div.= 2.[ — . 
2N1 
1EN A] 
The fraction of projected grain boundary cavitated. 




/VA • D • 	 (4) 
The D„,, NA and A, were related to the distance 
ahead of the crack tip. 
( 3 ) 
Damage characterization in crack growth specimens 
All creep crack growth specimens were sectioned 
through mid-thickness and the crack tip region of 
one-half of the specimen was mounted for metallo-
graphy. Thus. a complete two-dimensional view of 
the creep cavitation surrounding the crack tip could 
be observed. The second half of the compact type 
specimens CT-2 and CT-5 were fractured to reveal 
the creep crack fracture surface and also the cavitated 
arain boundary facets ahead of the crack tip. These 
fracture surfaces were examined at a high magnifica-
tion in a scanning electron microscope (SEM). 
The SEM micrographs obtained at various dis-
tances (0.2. 0.6. 1, 1.3. 5.5 and 8.3 flint) from the 
crack tip for the two specimens were analyzed for — 
cavity sizes and distribution using quantitative metal-
lography procedures [16] briefly described below. The 
magnifications of the pictures analyzed were 330 to 
400 x . 
A system of grids with a known total length was 
placed on the pictures. The total length sampled in a 
single field of view (FOV) was 5.091 mm. In all eight 
fields of view were analyzed at each of the various 
distances from the crack tip. The total numbers of 
cavities which intersected the grid lines were counted 
and a linear density of cavities. N t , per mm of length 
was determined. The total number of cavities in all 
fields of view were determined and divided by the 
area to determine the areal density of cavities. NA . 
The average diameter is then computed from the 
following relationship [16] 
Table 2. Tensile properties of the test material (400°C) 
E 	ays (0.2%) 	ct.1.3 	 Elangauon 	 DI" 
(MPa) MPa) {MN) (25.4 mm gage length) 	(MPa)- '" 




7 	 5.93 x 	4.76 
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Fig. 3. Comparison between measured creep strains as a 
function of time for Sb-Cu at 4+30'C with those predicted 
from equauon 12). The points designate measured strains 
and the curves designate the respective fitted trends. 
THE C, PARAMETER 
The definition of C, is as follows (9]. Consider 
several identical pairs of cracked specimens. Within 
each pair, one specimen has a crack length, a. and the 
other has an incrementally differing crack length, 
a + Zia. The specimens of each pair are loaded to 
various load levels P,, P. P3 ... P,--etc.. at elevated 
temperatures. and the load—line deflection as a func-
tion of time is recorded. Fig. 5(a). The load—line 
deflection due to creep is V, and its time rate is given 
by Pc . It is assumed that no crack extension occurs 
in any of the specimens, and the instantaneous re-
sponse is linear-elastic. Consider the behavior at a 
fixed time. t. in the transient region where P c is 
continuously changing due to the presence of small-
' scale creep conditions or due to transient creep 
resulting from primary and/or tertiary creep strains. 
The load vs creep deflection rate behavior is plotted 
for all specimens. A schematic of the expected behav-
ior is shown in Fig. 5(b). Several such plots can be 
generated from the above tests by varying time. 
The area between the P— V, curves for specimens of 
crack lengths, a and a +&L. is called AU' . Physi-
cally, AU' (the subscript denotes that this value is at 
a fixed time t) represents the difference in the energy 
rates (or power) supplied for deforming the two crack 
bodies with identical creep deformation histories as 
Table 3. Creep deformation constants for the test mate- 
rial at 400'C. See equation 112) for a description of the 
constants 
IMPar•lt - ' 	n 	(MPa) -"h - ' 
	
/1, 
5.52 x 10" 	3.135 	4.87 x 10 -' 	3.236 	0.75  
iMPal 
7.100 10 1 
10° 
•• 
t o-1 a 
O 
10-2 
C 	1 0-3 
r 
6- 
❑ •400•C one GS: 780 um 111 
a •400•C ono GS: 120am (1 I 
• •400•C ono GS: 	30u m (2 ) 
...00•c ono GS: 280um Cu-Sb 
• •400•C one GS: 	57µm (3) 
( 1 1 H.R. Tipter one 0. McLean 
Metal Sc,. J. 4, 103 (19701 
12 I P. Fettnom ono J.O. Meostrt 
Acta atetail. 7, 614(1959) 
:31 Present work 
A .2.05 	10-6 (ksi) - n/h 	A 












Stress, cr (Km) 
Fig. 4. Minimum (or steady-state) strain rate vs stress 
compared with other data on Cu and Cu-Sb. 
they are loaded to different load or deflection-rate 
levels. The C, parameter is given by the following 
equation 
C,= lim 	 ' 
T AU* 	3U• 
B Baa 
	(5) 
where B = specimen thickness. Under small-scale-
creep (SSC) conditions C, uniquely characterizes the 
rate of expansion of the creep zone size (18. 19] 
irrespective of the type of creep deformation. visa vis 
primary, secondary or tertiary creep. Under extensive 
creep conditions, C, uniquely characterizes the 
Hutchinson. Rice and Rosengren ( HRR) [20, 21] 
crack tip stress fields if either primary or secondary 
or tertiary creep dominate the deformation behavior. 
If a combination of more than one of the three creep 
deformation stages exist under extensive creep condi-
tions. C, still approximately characterizes the HRR 
field [17]. Under the special condition of extensive 
secondary-stage creep deformation. C, by definition is 
equal to the C•-integral of Landes and Begley (22]. 
A general expression for estimating C, in test 
specimens has been derived (2, 9, 17] . 
PP 





F = K-calibration factor given by F =(CJP)BW"2 
P = applied load 
W = width of a specimen 
K = applied stress intensity parameter at the time of 
the loading 
(10) 
where. C: can be obtained from a simple modifica- 
tion of equation (8) which involves substituting 
[A 3 (1 —p,)] 1 ' 11 "0 for A and n31(1 —pa ) for n [23]. 
in equation (6) can be estimated from the mea-
sured deflection rate. V. by the following equation 
(26] 
where. E = elastic modulus. For slowly growing 
cracks, the second term in . equation (11) is negligible 
in comparison to V and If, = V. Since the definition 
of C, is based on stationary cracks, it is important 
that the condition of slowly growing cracks be met. 
This can be checked by assuring that the second term 
on the right hand side of equation (11) is less than 
10% of the measured value of V. 
Creep crack growth rate. daidt at any given point 
in the test was estimated by the secant method in 
which an increment in crack extension. Da. was 
divided by the corresponding increment in time. At. 
Thus. daidt and the corresponding C, values were 
determined. These results are discussed in the next 
section. 
RESULTS AND DISCUSSION 
da/dt vs C, correlation 
Figure 6 shows the creep crack growth rate. da /dr. 
plotted as a function of C, at 400°C for all five 
compact specimens. The data from the various tests 
do not correlate with C, which was, at first, a 
surprising result. However, a possible explanation of 
this trend is as follows. Since this material cavitates 
extensively with large cavity sizes, it is suspected that 
the lack of correlation may be due to the development 
of large scale cavitation damage at the crack tip. C, 
to-• 
a 
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Fig. 6. Creep crack growth rate as a 
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ve 
Fig. 5. (a) Load-line deflection. 	as a function of time for 
bodies of crack lengths a and a + Aa at vanous load levels 
and (b) the definition of C, parameter. 
F' = dF/d(a/W) 
a = crack size 
= calibration factor dependent on the creep expo-
nent. n or n 3 , and crack size (17, 13]. 
C'(t) for materials whose creep deformation be-
havior is dominated by a combination of secondary 
and tertiary creep, such as our test material, can be 
derived by following the procedure of Refs (17] and 
[23] as follows 
	
C*(t)= C:11 + (t/t 3 y, " 	 ( 7) 
where, C: is steady-state value of C•(t) when sec-
ondary stage creep dominates and is given by the 
following equation for CT specimens under plane 
strain 
P 	 n+1 
W — a )1.455aBi 
	
(8) 
where, h, is a calibration function listed in a hand-
book (25] and 
a = 	2 ( 2a +21' 	2a 
R H/ - a) 	 W — a 
(9) 
t, in equation (7) is a transition time for the specimen 
to go from extensive secondary creep conditions to 
extensive tertiary creep conditions and is given by (24] 
C;=(W—a)A h 1 
 
[( 
rr 	G.1 mm 
Fig. 8. Same as Fig. 7 except for specimen CT-3. Fig. 9. Same as Fig. 6 except for specimen CT-4. 
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is a deformation based global parameter much like 
the J-integral (271. Therefore. the relationship be-
tween C. and the creep zone expansion rate in small 
scale creep regime (18] as well as the relationship 
between C, and the crack tip stress in extensive creep 
regime (17. 19] are based on the assumption that the 
damaged region containing cavities or micro-cracks is 
small in comparison to the crack size and the remain-
ing ligament size of the specimen (or component). 
This explanation was further explored by characteriz-
ing the extent of damage ahead of the crack tip in the 
various creep crack growth specimens using metallog-
raphy and scanning electron microscopy (SEM). 
Figures 7 to 10 show photo-micrographs from the 
crack tip regions of specimens CT-2 through CT-5. 
respectively. Specimens CT-2 and CT-5 show isolated 
grain boundary cavities while as the micrographs.  
from specimens CT-3 and CT-4 show extensive 
microcracking and crack branching at their respective 
crack tips. in fact, the damage in these latter speci-
mens was present over a large region ahead of the 
main crack. In specimen CT-4. crack branching 
occurs almost from the tip of the deformed precrack 
indicating that very little. if any, of the crack growth 
occurred as growth of a single dominant flaw. Since 
fracture mechanics concepts are limited to the charac-
terization of the growth of single flaws, the lack of 
correlation between daidt and C, is understandable. 
In view of the above findings, the creep crack 
growth rate data obtained on specimens CT-1. CT-2 
and CT-5 (the behavior of CT-I was similar to CT-2 
and CT-5) are plotted on a separate plot shown in 
Fig. 11. A good correlation between da kit and C, in 
these set of data was in fact obtained which further 
supports the argument that the lack of correlation 
between creep crack growth rate and C, in Fig. 6 was 
. ' % • • 3-7'`' - 	' er*::::fr ; 	ii ..*: : 4" . • .; . r ........., _ 	,... a ,..  
• . #0.. :i'' 	"- It _ . 
11 1, 	'' ... 	.. . 
. 	' - W•L''... : 7 X._;. 	. 	'''''' .4".. .:,..4W.,_. P 
.1' 	• 	 ..% ..••• mrl•• 
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Fig. 7. Crack tip region of tested specimen CT-2. 
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Fig. 10. Same as Fig. 6 except for specimen CT-5. 
due to development of large scale damage in some of 
the specimens tested. The specimens in which the 
problem of large scale damage was encountered were 
the ones in which the initially applied K levels were 
higher (factor of 2 higher than the specimens from 
which consistent data were obtained). The high initial 
K levels may have led to nucleation of large amounts 
of cavities and subsequently a high rate of growth 
over a substantial portion of the ligament. The 
cavities can then coalesce to form microcracks and 
branched cracks. At lower initial K levels, cavitation 
may have been isolated as well as restricted to the 
near crack tip process zone with less opportunity to 
form microcracks. This facilitated the growth of a 
single dominant crack in these specimens. 
Since the onset of tertiary creep is often associated 
with significant cavitation, it is interesting to see if 
crack branching occurs in specimens in which signifi-
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Fig. 11. Creep crack growth data as a function of C. from 
three specimens which did not show unconstrained damage 
and crack branching. 
measure of the extent of tertiary creep in specimens 
is obtained when the test time is compared with t,, the 
transition time for significant tertiary creep to de-
velop from extensive secondary creep conditions. 
Thus. the transition time. t,. was calculated for the 
various test specimens for plane strain and plane 
stress conditions using equation (10) and are listed in 
Table 4. Also reported in Table 4 is the transition 
time. for extensive steady-state creep conditions to 
develop from small-scale creep conditions. 1 1. is given 
by the following equation (28, 29] • 
[10(1 
ti" = 	 • 	 (12) E(n + I )C: 
All terms in equation (12) have been defined previ-
ously. It is observed that t- r for all tests are consider-
ably smaller than the corresponding test durations. 
Thus. for practical purposes. all tests can be consid-
ered to have been in extensive creep conditions for 
the entire duration. We now turn our attention to 
the transition from extensive secondary creep to 
extensive tertiary creep given by t,. Since plane stress 
estimates of t, are considerably shorter than the 
plane strain estimates, the former are used for com-
parison with the test duration. The appropriateness 
of this assumption is further discussed later in this 
section. 
For specimens CT-2 and CT-5 which exhibited 
singular crack growth. t, is approximately two orders 
of magnitude higher than the operating time. Hence. 
tertiary creep conditions in these specimens are ex-
pected to be restricted only to a small region ahead 
of the crack tip. This is also in agreement with the 
earlier observations from crack tip metallography. 
On the other hand the test duration is 16 . and 40% 
of t, for specimens CT-3 and CT-4. respectively. 
. These specimens did not exhibit singular crack 
growth and the creep crack growth rate data obtained 
from these specimens did not correlate with C,. 
Therefore, in order to maintain constrained cavity 
Agh 100 WM 
411. 	 - Am 
Fig. 12. SEM photomicrograph showing creep cavities on 
the fracture surface of specimen CT-2. 
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Table 4. Transition times 1, and t, for the creep crack growth specimens tested 
Crack 	Initial Test 
Specimen size 1,(h) duration 
No. a(mm) (MPa.,/m1 (h) pl strain p I stress 
CT-2 15.24 	1.63 22.6 2.56 x 10 3 8.4 x 104 1217 
CT-3 15.24 3.71 3.68 1.83 x 10' 3.93 x 10 3 772 
CT-4 21.59 	4.07 2.55 I.05 x 10' 1.75 x 10 3 720 
CT-5 15.24 1.63 22.5 2.59 x 103 3.19 x 	10' 	• :10.5 
3 	° 
growth in the crack tip region. it appears necessary to 
restrict test time to a small fraction of t,. 
We now return to the question of the appropriate-
ness of the plane stress vs plane strain assumption. 
Plane strain conditions are expected to prevail in the 
near crack tip region in test specimens. Therefore. 
when the specimen is in small scale creep where the 
creep deformation is restricted to the crack tip region. 
plane strain conditions are the appropriate condition. 
This will be the case in the beginning of the test. On 
the other hand. as the test progresses and the creep 
deformation becomes more wide spread. plane stress 
conditions which exist away from the crack tip region 
will contribute significantly to the overall deforma-
tion behavior of the specimen. Therefore. under 
extensive creep conditions. perhaps the plane stress 
estimates are more appropriate. 
Another aspect of the above discussion deals with 
side grooving of specimens which promotes plane 
strain conditions. From the above discussion it 
follows that side grooving will have the effect of 
increasing t, and forcing constrained cavitation in a 
regime where unconstrained cavity growth is ex-
pected without the side grooves. Therefore, side 
grooves may help in extending the regime over 
which valid crack growth rate measurements can be 
obtained. 
Damage zone growth 
From the previous discussion it is evident that 
creep cracks in antimony-copper grow due to cavita-
tion damage ahead of the crack tip. As discussed 
earlier. C, is a deformation based parameter and can 
only correlate creep crack growth data if the damage 
zone is completely constrained by a significantly 
larger deformation zone in which the crack tip fields 
apply. It is thus interesting to explore the relationship 
between the characteristics of cavitation with the 
damage zone and the applied C, levels. 
The terminal C, levels for specimens CT-2 and 
CT-5 were 1.63 and 3.29 J/m =h. respectively. The 
orresponding average crack growth rates were 
. -3( 10' and 1.84-x 10' mmth. respectively. 
Figures 12 and 13 show the cavitation damage ahead 
of the crack tip in the mid-thickness region of speci-
mens CT-2 and CT-5, respectively. The cavity sizes 
and numbers as a function of distance ahead of the 
crack tip were quantitatively measured in these spec-
imens following the procedure described in an earlier 
section. Figures 14a and 14b show the linear density 
and Fig. 14(c) and (d) show the areal density respec-
tively, of cavities as a function of distance ahead of  
the crack tip in specimens CT-2 and CT-5. The 
average cavity diameter [calculated using equation 
(3)] as a function of distance from the crack tip is 
plotted in Fig. 15 for the two specimens. The percent 
grain boundary area cavitated [calculated using equa-
tion (4)] as a function of distance from the crack tip 
is also plotted. Fig. 16. There are several interesting 
implications of these results which merit further 
discussion. 
It is observed that the areal density, diameter and 
the fraction of grain boundary area cavitated (AO 
increase significantly as the crack tip is approached. 
Cavities were found to exist as far as 8 mm ahead of 
the crack tip. however. the diameter. density and A, 
decreased at a rapid rate up to a distance of 1.3 mm 
and changed only marginally for larger distances. 
Therefore. it can be argued that the zone of intense 
damage extends up to approximately 1.3 mm from 
the crack tip. The remaining ligament size was about 
34 mm which was more than 25 times of the damage 
zone. Therefore, the condition that the damage be 
contained in a small region near the crack tip for C, 





Fig. 13. Same as Fig. 12 except for specimen CT-5. 
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The C, level of specimen CT-5 was twice that of 
CT-2. The cavity diameter as a function of distance 
from the crack tip shows an opposite trend. In other 
words. the cavity diameters in speciment CT-2 appear 
to be consistently larger than in specimen CT-5 (Fig. 
15). However. the areal density of cavities was higher 
in specimen CT-5 (Fig. 14) and the percent grain 
boundary area cavitated also appears to be some-
what higher in specimen CT-2. Fig. 16. From these 
observations. the following interpretations can be 
made regarding the damage accumulation during the 
creep crack growth process. 
The smallest stable cavities which were detected in 
the crack tip region were approximately 3µm in 
diameter and the largest were approximately 15 um 
in diameter. Hence, considerable cavity growth must 
occur due to creep deformation in the crack tip region 
as a fixed point in the material ahead of the crack tip  
is being approached by the growing crack. The cavity 
growth can occur by a Hull—Rimmer type (30] atomic 
diffusion process which in all likelihood in the crack 
tip region is constrained by deformation in the sur-
rounding grains. Simultaneously, cavity growth can 
also occur by a process in which the larger cavities 
grow by consuming the smaller ones in its neighbor-
hood. This will generally lead to a reduction in areal 
density of cavities. It was observed [31] that in 
uniformly and uniaxially loaded creep specimens of 
this material which were interrupted at various life 
fractions that the cavity density (number of cavi-
ties/unit area) decreased with increasing fife fraction 
(or creep strain). Therefore. the latter mechanism of 
cavity growth at the crack tip is in fact supported by 
experimental observations. 
The data also clearly show that fresh cavities must 
continuously nucleate at fixed points as they are 
approached by the moving crack tip. This is apparent 
from Fig. 14(b) which shows an increasing density of 
cavities with decreasing distance from the crack tip. 
This is not surpnsing in view of the high stresses (or 
strains) encountered as the distance to the crack tip 
decreases thus causing new cavities to nucleate. Some 
of these cavities coalesce with the larger ones and 
contribute to their growth as discussed in the preced-
ing paragraph while others grow to larger sizes by 
themselves. It appears that the nucleation rate of 
cavities increases with C, [Fig. 14(c. d)]. 
The accumulated creep damage in the crack tip 
region is a complex function of the rate at which 
cavities nucleate and subsequently grow by one or 
more of the operative mechanisms. A suitable mea-
sure of overall creep damage is A, as shown in Fig. 
16. This measure of damage includes the contribu-
tions from the different cavity nucleation and growth 
processes operating in the crack tip region. It appears 
that the damage levels are consistently higher for 
specimens with the lower crack growth rate. This 
trend is discussed later in this section. 
In view of the experimental results, it is worthwhile 
to examine the various criteria for crack extension 
due to damage for cavitating materials. Previous 
researchers (32.33] have used the attainment of a 
critical cavity size as a condition for coalescence with 
the crack tip. When this condition is met. the crack 
is postulated to extend by a distance equal to the 
average cavity spacing. For cavity growth mecha-
nisms which are constrained by deformation, this is 
equivalent to a critical strain criterion. This criterion 
appears to be reasonable if cavity nucleation is not 
continuous. In other words, once cavity nucleation 
has taken place at a certain distance in front of the 
crack tip, no new cavities form at that location as it 
approaches the moving crack tip. The criterion ap-
plies well to materials in which cavity nucleation 
occurs only at second phase particles [6] where the 
areal density of cavities remains constant with respect 
to distance from the crack tip. For this condition. 
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Fig. 14. (a.b) Average linear density of cavities as a function of distance from the crack tip for specimens 
CT-5 and CT-2. respectively. (c.d) Average areal density of cavities as a function of distance from the 
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Fig. 15. Average cavity diameter vs distance ahead of the 
crack tip in CT-2 and CT-5. 
depends uniquely on the cavity size (equation (4)]. 
Hence, there is no difference between using critical A, 
or critical cavity diameter as a condition for coales-
cence. On the other hand. in the presence of contin-
uous nucleation. A, continues to be relevant while the 
critical cavity diameter no longer remains a valid 
crack extension criterion. 
The other commonly used crack extension criterion 
is the Kachanov—Rabotnov w which is an internal 
variable with a value of zero in undamaged condition 
and one in the critically damaged condition (34, 351. 
In variations of this approach. the critical value of w. 
co,, is assumed to be a constant which is less than one. 
A direct relationship between w and A, has also been 
suggested. Thus, the use of A, also appears to be 
consistent with this approach. 
In the current approaches (32-34], co, and the 
critical cavity sizes are treated as constants indepen-
dent of stress. However, our data from the two 
specimens examined show that the value of A, in the 
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Fig. 16. Fraction of grain boundary area cavitated as a 
function of distance from the crack tip for specimens CT-2 
and CT-5. 
with crack growth rate or with C,. These values of A. 
represent the critical values of A, for crack extension 
in these specimens. This trend will be confirmed by 
additional testing. 
Another point of interest from the data of Fig. 16 
is the distribution of damage as a function of distance 
from the crack tip and its relationship with the crack 
tip parameters such as C, and Ca. Specifically, it is of 
interest to determine if the extent of the region of 
intense damage varies significantly and uniquely with 
the magnitude of C,. Before discussing these trends. 
it is necessary to examine some governing equations 
for evolution of damage in front of the crack tip. For 
simplicity, we will consider damage distribution along 
the crack plane only. 
Consider a crack moving at a velocity a (daldt) 
and a fixed rectangular coordinate system with the 
x-axis located along the crack plane and the origin 
located at the original crack position. The crack 
growth rate varies with time in a transient problem. 
Damage at a point along the x-axis is modelled as a 
function of both position and time, 1, and is repre-
sented by A c (x,t) or D(x,r). Thus, the rate of 
damage accumulation, dD Idt, will be given by (recog-
nizing that dx/dt = —a) 
dDdA, 	A _ 
dt 	di 	at
e 
During the initial incubation period following load-
ing, d is nearly zero and dD/dt is expected to be 
dominated by the (6A,16))„ term. However. ((3A,Cf)x 
will decrease with time and will nearly become zero 
when the crack tip stresses are completely relaxed and 
attain a stationary stress state. The rate of damage 
accumulation at this point will be given completely by 
the 6A,(x), term. With respect to a coordinate 
system which moves the crack tip, dD /dt will then be 
zero. In order to determine the damage function 
D (x, t), it is necessary to integrate equation (13) with 
knowledge of the functional forms of 621,6), and 
O a  6c),. At present. sufficient information is not 
available to derive the complete damage distribution 
function. However. it seems reasonable to expect 
from equation (13) that a high value of a will lead to 
a lower accumulated damage ahead of the crack tip. 
SUMMARY AND CONCLUSIONS 
Tensile, creep deformation and creep crack growth 
tests were conducted on a model 1% anti-
mony-copper alloy at 400°C. The mechanical tests 
were followed by extensive characterization of grain 
boundary cavitation damage in the creep crack 
growth specimens by optical metallography and scan-
ning electron microscopy (SEM). The following ob-
servations and conclusions can be made from the 
results of these experiments. 
1. Creep deformation behavior in this model alloy 
at 400°C is dominated by secondary and tertiary 
creep deformation. It is. therefore. important to 
account for tertiary creep in estimating the magnitude 
of C,, a crack tip parameter for creep conditions. 
2. The creep crack growth rate correlates with C, 
provided the cavitation damage is contained and 
therefore restricted to a small region near the crack 
tip. Further. no crack branching should also occur. 
3. It is shown that creep cracks propagate by 
simultaneous nucleation, growth and coalescence of 
grain boundary cavities. The cavity diameter. areal 
cavity density and percent fraction of grain boundary 
area cavitated decrease with distance from the crack 
tip. 
4. The most suitable index of crack tip damage 
appears to be the percent grain boundary area cavi-
tated. The extent of damage is a complex function of 
position and time. The critical damage for crack 
extension appears to vary inversely with the applied 
value of C,. Further tests are recommended for 
completely mapping the complex damage function 
and determining whether a unique relationship exists 
between the distribution of damage and the applied 
value of C,. 
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Recent Advances in Elevated Temperature Crack 
Growth and Models for Life Prediction 
ASHOK SAXENA 
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ABSTRACT 
This paper summarizes the recent developments in the field of time-dependent 
fracture mechanics over the past few years. The state of understanding in 
this area is now at the same level as elastic-plastic fracture mechanics. 
The important developments and their applications are described in this 
paper. 
KEYWORDS 
Creep, Cracks. J-Integral. C-Integral. C. Fatigue 
INTRODUCTION 
Critical gas and steam turbine. power-plant boiler and petro-chemical 
reactor components which operate at elevated temperature tend to develop 
cracks during the service life. Some components have crack like defects 
even at the time they go into service which can grow and cause failure. 
Some examples of major failures in the power industry involving elevated 
temperature components where creep was a major contributing factor include 
turbine rotors (Kramer and Randolph. 1978) and steam pipes. These failures 
resulted in millions of lost dollars in down time and repair costs and. in 
some cases, also loss of human lives. Thus. crack growth under elevated 
temperature creep conditions is a major industrial problem. 
Further impetus for studying elevated temperature crack growth comes from 
the need to assess the remaining life of components which have been in 
service and are approaching their originally predicted design life. More 
and more operators of equipment are turning to a retirement-for-cause (RFC) 
philosophy rather than to rely on life predictions made several years ago 
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Failures due to creep can be classified either as resulting from widespread 
or bulk damage, or resulting from localized damage. The structural 
components which are vulnerable to bulk damage are subjected to uniform 
loading and uniform temperature distribution during service, for example. 
thin wall pipes. The thin life of such a component can be estimated from 
creep rupture data. On the other hand, components which are subjected to 
stress and temperature gradients (typical of thick section components) will 
not fail by creep rupture. It is more likely that at the end of the 
predicted creep rupture life. a crack develops at the critical location 
which propagates and ultimately causes failure. Thus, crack growth is an 
important part of a component's overall life. 
In this paper. the concepts of time dependent fracture mechanics (TDFM) for 
characterizing elevated temperature crack growth behavior and their role in 
life prediction are briefly reviewed. No attempt is made to summarize 
developments in the methods for predicting creep rupture which is broad 
enough by itself to warrant a separate review. 
ADVANCES IN TIME-DEPENDENT FRACTURE MECHANICS (TDFM) CONCEPTS 
Crack Tip Stress Analysis 
The difference between the crack tip stress and strain fields of bodies 
loaded in the creep and subcreep temperature regime occurs due to the 
presence of time dependent strains in the creep regime. The accumulated 
strain in front of a stationary crack tip changes continuously and the 
crack tip stress can also vary with time depending on whether or not steady-
state conditions have been reached. 
The levels of creep deformation under which creep crack growth can occur 
include the small-scale-creep (SSC) region, the tran-sition creep region 
and the extensive creep region. Under SSC. the creep zone is small in 
comparison to the size of the body and the crack size and its growth is 
constrained by the surrounding elastic material. Under extensive creep con-
ditions, the creep zone engulfs the entire ligament. The transition creep 
region is the intermediate condition. These regions are analogous to the 
small-scale-yielding, the elastic-plastic and fully plastic conditions. 
respectively, encountered in the sub-creep temperature regimes. In addition 
to the above. the picture at elevated temperature is further complicated 
when primary and tertiary creep deformations occur either by themselves or 
in conjunction with elastic and/or secondary creep deformations. 
Fortunately, following the pioneering work of Landes and Begley (1976) which 
led to the discovery of C. the crack tip stress fields for a variety of 
creep deformation laws have been worked out (Riedel and Rice. 1980: Riedel. 
1981. Riedel and Detempel. 1987: Ehlers and Riedel. 1981, Ohji et al. 1979). 
In general. we can express the amplitude of the Hutchinson. Rice and 
Rosengren (HRR) (Hutchinson. 1968: Rice and Rosengren, 1968) crack tip 









Here. B and T are treated as generic material constants whose values depend 
on the dominant mechanism of creep deformation operating in the crack tip 
region. For example. for power-law creep 8-A and T-n: for primary creep 
801111+p) and T-ni.A, n. p, Al nl are material constants in the respective 
creep deformation equations given in Table 1. I T is a nondimensional 
constant which depends on T and ranges between 3.8 and 6.3 for a range of 
rvalues(SIMi.1983).a,1  (6,T) is an angular function and r-distance from 
the crack tip. The expressions for extimating C(t1 for several creep 
deformation laws are given in Table 1. Note that for extensive power-law 
creep C(t)-C . There is an abundance of experimental data which show that 
under these conditions C 4 characterizes the creep crack growth behavior 
(Saxena, 1980). 
Since C(t) uniquely relates to the amplitude of the crack tip stress fields 
for a variety of creep deformation laws. it is an attractive candidate 
crack tip parameter for characterizing creep crack growth for other than 
just the conditions for which it is equal to C . However, there are two 
savor shortcomings of this approach. First. C(t) cannot be measured at the 
loading pins of the test specimens except for the two very special 
conditions of extensive power-law creep and the extensive primary creep 
shown in Table 1 (Saxena. 1988). Under these conditions. C(t) is also equal 
to the stress-power dissipation rate (U') in the cracked body. For 
extensive power-law creep, this relationship is given by (Landes and Begley, 
1978) 





where. B - thickness of the specimen. 	However, under small-scale and 
transition creep conditions C(t) 0 - 1/B (dU /dal. 
The second shortcoming results from the question about the dominance of the 
HRR fields for growing cracks. It has been experimentally (Saxena et al.. 
1984) and numerically (Hawk and Bassani. 1988) shown that this limitation 
is not important in the extensive creep regime when crack velocities are 
low and the HRR fields essentially dominate over large distances ahead of 
the crack tip. Recent numerical results (Hawk and Bassani. 19881. 
reproduced in Fig. 1, have shown that in SSC. the region of influence of 
growing cracks (known as the Hui-Riedel (or HR) field (Hui and Riedel. 1981: 
Hui. 1983) can in fact be significant In comparison to the HRR fields. 
Under these circumstances the use of C(t) as a crack tip parameter is 
invalid. Other approaches must be considered. 
C t - Parameter 
The C t parameter (Saxena. 1988) is an extension of the stress-power 
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Fig. 1. 	Normalized creep zone size as a function of normalized 
time for a growing and stationary crack in Mode III. 
Hawk and Bassani (1988). 
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alleviates the two primary shortcomings of the C(t) approach as will be 
explained in this section. C t is defined as the instantaneous stress-power 
dissipation rate as follows: 
1 	nu t 
c t 	TIE as 
where. Ult represents an instantaneous value at time. t, after application 
of the load. The parameter is defined for a stationary crack and the 
implications for the growing crack will be considered later in this section. 
Under the conditions of extensive steady-state creep it is obvious from the 
respective definitions that C t = C . Therefore, under these conditions and 
for extensive primary creep conditions. C t = C(t) and hence it also 
characterizes the amplitude of the HRR field. Under conditions of small-
scale and transition creep C t A C(t) as shown clearly in the numerical 
results (Bassani et al.. 1988) and reproduced in Fig. 2. 
Fig. 2. 	Results of the stationary crack analysis of the CT 
Specimen. Bassani et al. (1988). 
In small-scale-creep regime. a general expression for estimating C t is 
derived as follows (Saxena. 1988) 
PVc 
C




where. W = width of the specimen. P = applied load. F • (K/P)B14 1 / 2 , K-
calibration factor. F' dP/d(a/W), Vt rate of deflection at the load-
line due to creep deformation. Equation (3) is equally valid for power-
law or primary creep law provided small-scale-creep conditions are met. In 
a test specimen. if Vc is measured. the magnitude of C t is readily obtained 
irrespective of the prevailing creep deformation law. In components, where 
Vc cannot be measured. it can be estimated under small-scale-creep 
conditions by (Bassani et al. 19881. 
(3) 
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Vc 	E P si c (1' )2 
2B K 2 
(5) 
where ratee of expansion of the creep zone size and $ is a scaling 
factor and is approximately equal to 1/3 as determined from finite element 
analyses (Bassani et al.. 1988). The value of re is dependent on the 
prevailing creep deformation law. For power-law creep and primary creep it 
can be obtained from the following relationship. 
For power-law creep (Riedel and Rice. 1980): 
2 	 n-3 
— ( — )
2
t 	 r ( 0 ) 	 t 	 ( 6 ) 
2x 	E 	 2:z(1-v





For primary creep (Riedel. 1981): 
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(7) 
It should be pointed out that both Egs (8) and (7) are strictly valid for 
stationary cracks only. However, they may be used for slowly growing cracks 
defined by the condition icci e . Expressions for estimating re which account 
for growing crack effects are currently not available. Hence, even though 
there is no fundamental difficulty in the use of C. for situations where 
crack growth effects significantly influence r, there are practical 
limitations due to lack of adequate analyses. However. this is not a 
problem in test specimens where V e is easily obtained from the measured 
deflection rates following the deflection rate partitioning method (Saxena 
et al.. 1984). By combining Eqs 8 and 6, the relationship between C, and 
the crack tip creep zone size is easily derived. This relationship is 
unique for a fixed applied value of K. Thus. C t can relate the load and 
deflection rate measurements made at the load-point which is remote from the 
crack tip to the crack tip creep zone expansion rate. The following 
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Since r e is a function of applied K and time, t. the relationship between 
(CO sse and (C(t)) Ise is not unique. Often, creep crack growth data are 
correlated with crack tip opening displacement (CTOD) rate. Ô. The 
following relationships can be derived between C. and C(t) and o t in the 
small-scale-creep regime (Saxena. 1988): 
2 2 
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Neither of the two parameters are uniquely related to at in the small-scale-
creep region. In the extensive creep region. at  and C' are uniquely 
related. 
Over a wide range of creep deformation conditions ranging from small-scale 
to extensive creep. it was shown in the above discussion that neither 
parameters. C(t). C t or o. are uniquely related to each other. However, in 
the extensive creep region the relationship is infect unique. In 
correlating wide range creep deformation data a good correlation with one 
of these parameters necessarily implies no unique correlation with the 
others. Figures 3 and 4 show the creep crack growth data correlations with 
C t and C(t). From these results it 1s concluded that C t parameter is most 
appropriate for correlating wide range creep crack growth data. 
C, kJ/n; -hr 














Fig. 3. 	Creep crack growth rate as a function of C t in a Cr-Mo- 
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Fig. 4. 	Creep Crack growth rate as a function of the C(t) in a 
CrMoV steel at 594•C. 
APPLICATION OF TDFM IN LIFE PREDICTION 
As mentioned earlier in this paper, there are several potential applications 
of TDFM concepts in life prediction analyses of elevated temperature 
components. In this section a methodology for predicting creep crack growth 
life is described. Subsequently, the methods for predicting creep-fatigue 
crack growth life are also briefly discussed. Some areas which need further 
development to achieve greater accuracy in life prediction are outlined at 
the end of this section. 
Prediction of Creep Crack Growth Life 
Figure 5 shows a general methodology for predicting the remaining creep 
crack growth life of an elevated temperature component (Saxena and Liaw. 
1985). The top of the figure shows the type of specimens used in material 
testing, and the data obtained from these tests. Material data needed are 
fracture toughness (to establish the crack size which will cause rupture). 
creep deformation properties, the tensile stress-strain properties and the 
creep crack growth rate behavior. Crack growth rates in structural 
components are predicted using the calculated value of C t . These rates are 
integrated to develop the crack size versus time curve or the remaining life 
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versus crack size curve. The procedure outlined above is similar to the 
procedure used for predicting fatigue crack growth life except, fatigue 
cycles are replaced with time and AK (cyclic stress intensity parameter) is 
replaced by C t . 
Most components such as steam pipes or gas turbine disks are periodically 
shut down. This has a very significant influence on the estimated value of 
C . As time elapses the relative contribution of the transient term in 
estimating C t decreases as steady-state conditions dominated by C are 
approached. When load interruptions occur, the stress relaxation process 
is also interrupted. Upon re-start the stress relaxation process is 
reinitiated independent of the relaxation in the previous cycle if small-
scale-creep conditions dominate. This is schematically illustrated in Fig. 
6 where a step increase in C t value is shown following each start-up. 
Since the methods of TDFM are complex and the remaining life Is affected by 
so many factors. it is desirable to conduct the analyses with the help of 
a computer. Several personal computer based (Saxena. 1967; Wells. 1986) 
computer programs are now available for predicting creep crack growth life 
in specialized components. Figure 7 shows results from example calculations 
of creep crack growth life of a high temperature steam pipe (solid lines) 
containing surface defects in the radial-axial plane for several operating 
pressures. The dotted lines show the coresponding maximum allowable half 
crack lengths for assuring a leak-before-break situation. These 
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Fig. 5. Methodology for predicting crack propagation life using 
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Fig. 6. 	C t as a function of time operation. 
Fig. 7. 	Influence of steam pressure remaining crack growth life 
of steam pipes containing surface defects and operating 
at 538•C. 
Crack Growth Due to Creep-Fatigue 
The approach which has been most widely used to characterize creep-fatigue 
crack growth is to sum the cycle-dependent ((da/d14) 0) and time-dependent 
contributions to crack growth to obtain an overall crack growth rate (da/dN) 






(da/dN) o + j (da/dt)dt 
where. t c = cycie time and da/dt is the average time dependent crack growth 
rate Within this general approach there are some variations between 
researchers. Nikbin and Webster (1988) estimate da/dt from creep crack 
growth tests to calculate the time-dependent contribution. This implies 
that there is no creep-fatigue interaction which influences the time- 
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dependent crack growth behavior. Our approach (Saxena and Oleseke. 1987) 
obtains da/dt from creep-fatigue tests which implies that creep-fatigue 
interactions cannot be ruled out as a general rule. For materials which do 
not show creep-fatigue interactions, both approaches are identical. 
There are also apparent variations in the crack driving force used to 
characterize da/dt among the two approaches. Webster and co-workers use C' 
to characterize da/dt in a cyclic situation where small-scale-creep is 
expected to dominate during one cycle. Our approach uses the (C t ) avg 
 parameter which is the average value of Ct during the cycle to characterize 
da/dt. Figure 8 shows the correlation between da/dt and (C t ) w1 in a 1Cr-
IM0-0.25V steel (Banerji and Saxena. 1988) at 427•C and 538•C for a 
trapezoidal loading waveform with hold times ranging from a few seconds to 
twenty-four hours. A single plot is obtained for different hold times and 
also for different temperature. Such collapsing of data into a single trend 
for widely varying conditions is valuable for life prediction schemes. 
ALmp krnns-hr 
104 104 11:14 10° 	id 	Id 	los 	le 
Fig. 8. 	Creep-fatigue crack growth rate data in Cr-Mo-V steel 
for trapezoidal waveforms with hold times ranging from 
50 seconds to 24 hours and at temperatures of 427"C 
(800•F) and 538'C (1000•F). 
Other approaches used for characterizing creep-fatigue crack growth (0h1i 
and- Kubo. 19881 sum driving forces according to cycle and time-dependent 
parts. This gives rise to a combined si t parameter which is the sus of A..1‘. 
the time-independent cyclic J-integral and the integral of C over the cycle 
period. The relationship between 4.1, and the crack tip stress, strain or 
a related quantity is not clear. For a detailed discussion of these 
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approaches. the readers are referred to another paper (Gieseke and Saxena. 
1989). 
Recommendations for Future Work 
Several problems of cracking in elevated temperature components result from 
thermal-mechanical stresses. As yet, there are no accepted approaches for 
predicting crack growth due to thermal-mechanical loading. Little work has 
been done in the area of transition fro. slow creep crack growth to fast 
fracture which may hold the key to accurate predictions of leak-before-
break conditions. Additional work in the area of predicting time-dependent 
crack growth for long cycle times from laboratory testa conducted over short 
cycle periods is needed. On the analytical side, accurate methods are still 
needed for estimating C t for complex material constitutive laws which 
properly account for effects due to primary creep, cyclic loading and crack 
growth. The solutions for estimating C s are limited to only a few 
geometries and almost exclusively to 2-dimensional crack cases. This area 
also needs attention in the future. 
SUMMARY AND CONCLUSIONS 
This paper summarizes the recent developments in time-dependent fracture 
mechanics (TDFM) over the past few years. The applications of TDFM concepts 
have also kept pace with the new developments. The following conclusions 
can be drawn at this time about the status of the field. 
It is now widely accepted that under the conditions of extensive 
steady-state creep, the creep crack growth rate is characterized 
by C s . 
2. Significant progress has occurred in the understanding of creep 
crack growth behavior under transient conditions to includes the 
effects due to small-scale-creep, primary creep and cyclic 
loading. C t appears to be a promising candidate parameter for 
unifying the crack growth during the transient conditions with 
those during the steady-state conditions. 
3. Applications of TDFM have kept pace with the concept developments 
largely because of the timely appearance of user-friendly computer 
codes. 
4. Areas needing further development include crack growth due to 
thermal-fatigue, extension of the available C and C t solutions 
and accurate models for predicting crack growth due to creep-
fatigue. 
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ABSTRACT 
Several approaches for correlating creep-fatigue crack growth (CFCC) races are 
reviewed which incorporate time-dependent fracture parameters. The parameters 
C(t), C* , and Ct have been evaluated for correlating CFCC rates by partitioning 
the  11 growth rates into cycle- and time-dependent contributions. It is 
shown that the use of Ct is the soar appropriate for describing the time-
dependent contribution. Further, an additional crack length and geometry 
dependent factor is introduced by the presence of creep at the crack tip. 
This factor is not included in correlations with AK. Considerable creep-
fatigue data from various sources are used to support these conclusions. 
KETVORDS 
Creep; Fatigue; Creep-fatigue; Crack Growth; C t ; C * 
 INTRODUCTION AND BACKGROUND 
Since the early work of James (1972), high temperature fatigue crack growth 
rates have routinely been correlated using AK with full recognition of the 
fact that creep deformation occurs at the crack tip below certain frequencies. 
It is now well established that the crack-tip stress fields are affected by 
creep (Riedel. 1983: Saxena at aL..1986), and a fresh look at the validity of 
using AK for characterizing creep-fatigue crack growth (CFCC) rates is needed. 
In the past few years, the concepts in time-dependent fracture mechanics have 
evolved yielding several parameters such as C * , C(t), and Ct which may be used 
to correlate crack growth under static loading, in other words, creep crack 
growth (Landes at al.. 1976; Riedel et al.. 1980; Saxena. 1986). Recently. 
attempts have also been made to use these parameters for correlating CFCC 
rates in combination with di or AK (Saxena. 1980; Okazaki ec al.. 1983; Saxena 
at al.. 1987; Dimopulos ec al.. 1988; Nikbin sr al., 1988; Ohji et al., 1988). 
Of the various fracture mechanics parameters, Ct appears to show the most 
promise (Saxena et al., 1987). The various crack-tip parameters which can 
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account for creep deformation are first briefly described with emphasis on 
their attributes and limitations in regard to correlation of creep-fatigue 
crack growth behavior. General methodologies for modeling creep-fatigue crack 
growth behavior are then described. Subsequently, data correlations are 
presented with the objective of evaluating the various parameters. 
Candidate Time-Deoendent Fracture Mechanics Parameters  
Under static loading, the stress fields near a crack tip in a material 
undergoing elastic, power-law creep deformation are of the Hutchinson. Rice 
and Rossngren (HRR) type, the magnitude of which is denoted by C(t) (Riedel 
ec al.. 1980; Bassani et a/.. 1981). C(t) is approximately given by (Ehlers 
et al., 1981): 
C(t) - 0(1-1,2 1 + C' 	 (1) 
E(n+l)t 
where E is Young's modulus. n is the creep exponent in Norton's creep law. t 
is time. v is Poisson's ratio and C' is a path-independent integral first 
introduced by Landes ec al. (1976). For small scale creep conditions (SSC), 
which are analogous to small scale yielding, the first term in Eq. (1) 
dominates (Riedel et al.. 1980). When extensive creep (SS) conditions exist. 
C(t) C' (Goldman ec al.. 1975). A useful method for determining when 
extensive creep conditions exist is to compare the Riedel -Rice transition 
time, t 1 (the time at which the first term in Eq. (1) equals C*), with the 
cycle time. cc (Riedel. 1983: Saxena. 1988). SSC conditions exist when t c<<t t 
 and extensive creep conditions exist when t,>>tt . C', in Eq. (1), has also
been interpreted as the stress-power dissipation rate in cracked bodies 
(Landes ec al., 1976). This interpretation (or definition) can be used to 
measure the value of C * at the loading pins for bodies undergoing dominantly 
steady-state creep deformation. 
The C, parameter is an extension of the stress-power dissipation rate 
definition of C' into the SSC regime (Saxena, 1986). It has been proposed for 
correlating creep crack growth for a wide range of conditions ranging from 
small-scale to extensive creep. C, is also uniquely related to the race of 
expansion of the crack-tip creep zone under SSC conditions (Bassani ec al., 
1986; Leung ec al., 1988), and C, - C' when extensive creep conditions exist. 
C. can be measured at the loading pins for all deformation conditions including 
those involving primary creep (Leung et al.. 1988). There is also 
considerable evidence that C, can correlate creep crack growth data for 
conditions ranging from small-scale to extensive creep (Saxena. 1986). 
The crack-tip stress fields in creep-fatigue are more complicated than in 
creep. However, Riedel (1983) has numerically investigated the crack-tip 
stress fields for a few simple loading waveforms and his results are of 
interest here. He has shown that if rapid load variations occur within 
otherwise slow cycles, crack-tip stress peaks follow the peaks of the load 
variations. On the other hand, for waveforms with hold times and a rise time 
of approximately one half t t , he has shown that the stress peak can be as much 
as 75% higher than the steady-state value. For waveforms with hold times, the 
stresses decay with time according to Eq. (1) and C' does not characterize the 
stress fields except for very long hold times (t i.,>>tt ). Hence, C' is not a 
valid parameter for characterizing the crack growth rates for short hold 
times. On the other hand: both C(t) and C, are valid in the transient regime 
and can be considered as candidate parameters. 
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Nethodologies for Modeling Creep-Fatigue Crack Growth 
Creep-fatigue crack growth rates as a function of frequency, for a fixed AK 
range and waveform, show three regimes of behavior. At high frequencies. a 
cycle-dependent region exists where crack growth is controlled by fatigue 
processes. At very low frequencies, crack growth is entirely controlled by 
time-dependent processes. 	The crack growth rates in each regime are 
characterized by a different crack driving force. 	In the intermediate 
frequency regime, where the creep-fatigue interactions occur, two approaches 
have emerged to mode/ crack growth rates. 
partitioning of Crack Growth Rates,. 	Time-dependant fracture mechanics 
parameters are typically incorporated into creep-fatigue analysis by 
decomposing the CFCG races into cycle-dependent and time-dependent 
contributions and using superposition to determine the overall race, ie. 
(Serena. 1980; Okazaki cc al.. 1983: Saxena ec al.. 1984; Saxena cc al.. 1987; 
Dimopulos ec al.. 1988; Nikbin ec al.. 1988: Ohji ec al.. 1988): 
da/dN 	(da/dN) f + (da/dN) t 	 (2) 
where (da/dN) f and (da/dN), are the fatigue and time-dependent components. 
respectively. (da/dN), is uniquely characterized by either AK,, i (Dimopuios ec 
al.. 1988) or AJ (Ohji ec al.. 1988) depending upon the amount of 
instantaneous plasticity. Here aK,fr is the effective stress intensity factor 
range and AJ is the cyclic J - integral of Dowling et al. (1976). Thus (daidN) T 
 is given by: 
(da/dN)f - C(.1; ff )' 	 (3a) 
or by: 
(da/dN) f - Co (CJ)so 
	 (3b) 
where C, Co , m and m, are material constants of which only two are independent. 
For example, m - 204. For estimating (da/dN) t , the time rate of crack growth 
is first estimated using: 
da/dt 	D(A)' 	 (4) 
where A is a time-dependent fracture parameter. This has been chosen as C(t) 
by some researchers (Saxons. 1980: Saxena ec a/.. 1981: Saxes ec al., 1984; 
Saxena. 1988), as C' by others (Dimopulos ec al., 1988; Nikbin ec al., 1988: 
Ohji et al.. 1988). and finally as C. by Saxena at al. (1987). The time rate 
of crack growth can be converted to a growth race per cycle by a simple 
integration over the cycle time. 
partitioning of Crack Driving Forces. An alternate approach to that of 
partitioning the crack growth races has been to partition the crack driving 
force into cycle-dependent and time-dependent contributions (Taira et al., 
1979; Ohji et al.. 1988). For elastic-plastic-creep conditions. this has 
resulted in the so-called "total J-integral", AJ T , which is defined as (Taira 
et al., 1979): 
AJf - aJ f + 4J, 	 (5) 
AJ T applies to fatigue only and AJ, is the time-integral of C" over one stress 
cycle. Crack growth rates are then correlated using Eq. (3b) with the 
substitution of dJ. for J. The combined AJ T parameter does not currently have 
a mechanics interpretation because it is not related to crack-tip stress. 
strain, or any other related crack-tip quantity. 
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DATA CORRELATIONS 
Correlations Using C * and OJT 
In the time-dependent regime, under cyclic loading. Dimopulos at al. (1988) 
and Nikbin at al. (1988) have shown chat CFCC races fall on the same trend as 
creep crack growth data when converted to time rates of crack growth. da/dt, 
and plotted versus an experimentally measured value of C. They have observed 
this behavior in a nickel-base superalloy, a creep-brittle steel, and creep-
ductile steel using a square loading waveform. An example of the correlation 
for a 2.25 Cr-Mo steel is shown in Fig. la. Their version of Eq. (2) is as 
follows (Dimopulos ec al., 1988): 
da/dN - CAICa.fi + D(C* ) ./(360011) 	 (6) 
where C' is experimentally determined at the maximum load in the trapezoidal 
cycle. Figure lb shows an example of the experimental and predicted CFCC 




Fig. 1. (a) Dependence of crack growth/cycle on frequency. 
(b) Low frequency crack growth rates as a function 
of C'. (Dimopulos at al.. 1988) 
There is in fact a good correlation which has led Dimopulos ec a/. (1988) to 
conclude that the crack growth rates for creep-fatigue loading can be 
determined from tests carried out under static loading and high frequency 
fatigue conditions to determine the time- and cycle-dependant components of 
crack growth. It should be noted that the Riedel-Rice transition times in 
many of these tests were on the order of one hour (Nikbin ec al., 1988). 
Since the longest reported cycle times were only 1000 seconds. SS conditions 
could not have developed during each cycle. The use of C' can then be 
questioned. However. experimentally measured values of C' for CT specimens are 
nearly equal to the values of Ct for a wide range of crack sizes (Saxena. 
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1986). Therefore. these data support the use of C, as the time-dependent 
crack-tip parameter instead of C. The data correlations with C, will be 
discussed later. 
Creep-fatigue crack growth in 304 stainless was approached differently by Ohji 
at al. (1988). In their method, the term (da/dN), in Eq. (2) is given by: 
(da/dN), - 	AAJ, 	 (7) 
where A is a material constant. 	In these studies also, C" also was 
experimentally measured. The overall fatigue crack growth rate was given by: 
da/dN - A(AJ, + BAJO 	 (8) 
where A and B are experimentally determined constants. 	Using this 
relationship, they have obtained good correlation of fatigue data on 304 
stainless tested using sinusoidal waveforms. 	Equation (8) is in fact a 
special case of Eq. (2) with constants m , amid in Eqs. (3b) and (4) being one. 
Okazaki er al. (1983) have used the total J-integral approach in correlating 
data generated using balanced and unbalanced triangular. strain-controlled 
waveforms on 304 stainless at 600 and 700'C. Fatigue data plotted versus 41.1... 
collapsed into a band that lies between cyclic- and time-dependent data. 
However, a unique relationship between da/dN and AJ T was not observed for all 
waveforms. Because of this non-unique relationship between da/dN and AJf , 
these researchers have suggested that AJ f and di e cannot be added linearly. 
As a result they have proposed a somewhat modified form of the 4...4 approach 
which does differentiate somewhat between waveforms. However, discussion of 
this technique is beyond the scope of this short paper. 
Correlations Usina C. and C(t)  
Saxon* and co-authors (Saxons- 1980: Saxena at al., 1981: Saxena ec al.. 1984; 
Saxena. 1988) have used C(t) to correlate the time-dependent contribution to 
CFCC rates. Initially Saxena (1980) noted that the stress and strain fields 
at the crack tip, and therefore the crack growth rates, were dependent upon 
K2/t, which is proportional to C(t), for SSC. Thus in Eq. (2), the time-
dependent crack growth could be described by: 
da/dt 	b(Ki/t)° - la l [C(t)]° 	 (9) 
Equation (9) can be integrated over the fatigue cycle and the result can be 
expressed in the form which relates (da/dN) t to AK by a power-law relationship 
including terms which relate to cyclic frequency. Reasonable correlations 
were obtained by this approach. 
Recently Saxena at al. (1987) evaluated whether time-dependent contributions 
to CFCC rates can be better correlated with C, instead of C(t) in Eq. (9). 
Creep-fatigue data from hold time tests on a 1.0Cr-1.0Mo-.25V rotor steel were 
re-evaluated using the C„ and C(t) parameters. In these tests, the hold times 
were much shorter than the smallest calculated transition time, t l , which was 
585 hours. Thus these tests were conducted in a dominantly small scale creep 
regime. 
The term (da/dN)„, from Eq. (2), was taken to be the additional crack growth 
per cycle due to the hold time. This was converted to an average crack growth 
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.vs 
 - [da/dN - (da/dN)d/t, 	 (10) 
where da/dN is the overall crack growth rata, c„ is the hold time. and (da/dN), 
is the crack growth rate per cycle associated with tests having zero hold 
time. 
The average C, parameter was calculated by integrating the analytical 
expression for estimating C, and dividing it by the hold time. The expression 
for C, in the small-scale-creep regime assumes elastic. power-law creep 
deformation and SSC conditions and is given by (Bassani et al., 1988): 
(CO ■.. - 	4b8K4  (1-w 2 ) E• (EA) 21(2- ti t - t"in-11 r(0) 	(11) 
E(n-1)W 
In Eq. (11), E is Young's modulus. F is the K-calibration function for the 
cracked body of interest, F'-dF/d(a/W) where W is the body width, a is the 
crack length, and the other symbols are described elsewhere (Saxana. 1986). 
(da/dt) 	was plotted versus (C(0)„,, in Fig. 2a and versus (CO 	in Fig. 
2b. The correlation with (CO., is considerably better than the correlation 
with (C(0).„. In Fig. 2b, creep crack growth data are also plotted for 
10 ' t 	  
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(a.) 	 (b.) 
Fig. 2. Average crack growth rate versus a.) C(t) . 
and b.) (CO . (Saxana etc al., 1987) 
comparison. It is noted that the periodic loading/unloading events of fatigue 
have reduced the crack growth rates during the hold time. 	Excellent 
correlation between (da/dt) and (C,) has also been observed in a 1.25Cr-
0.5Mo steel waveforms with hold times of 10, 98, and 600 seconds preceded by 
an initial 100 percent overload (Yoon et al., 1988). In this case, however. 
(da/dt).„. vs. (CO • , followed a trend similar to the creep crack growth data. 
The correlation between (da/dt)„ and (CO during the fatigue hold time in the 
approach described above has several interesting implications. First, it is 
evident from Eq. (11) that for a given waveform and cycle time (constant t,), 
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the average C t is not uniquely determined by K because of the additional crack 
size and geometry dependent term F'/F. However, in the past, fatigue crack 
growth data have been routinely correlated with AK for constant loading 
waveforms and cycle times (James. 1972; Saxena, 1980; Saxena at al., 1981; 
Saxena at al., 1984). This represents an apparent contradiction which is 
resolved as follows. It is noted that these correlations were obtained 
usually with a single specimen geometry, mostly CT specimens, for which F'/F 
does not vary significantly over a wide range of crack sizes (Saxena. 1986). 
In this case, (Ct ) is approximately related to K for a constant waveshape and 
frequency. Also for short cycle times, the contribution of the time-dependent 
crack growth is small and the overall crack growth per cycle (da/dN) can be 
dominated by the cycle-dependent portion which correlates uniquely with AK. 
Hence the observed correlations with AK are not surprising, but at the same 
time should be viewed with caution especially for geometries ocher than the 
compact type. 
Correlations of crack growth rates for waveforms ocher than trapezoidal have 
not yet been satisfactorily addressed. This is an area of future study. 
SUMMARY AND CONCLUSIONS 
Several approaches for correlating creep - fatigue crack growth rates have been 
reviewed in this paper. Time-dependent fracture parameters have been 
incorporated into the correlation of CFCC rates under elastic-creep and 
elastic-plastic-creep conditions with reasonable success. The presence of 
time-dependent creep deformation at the crack tip during cyclic loading at 
elevated temperatures introduces an additional crack length and geometry 
dependent factor which is not included in crack growth rate correlations with 
AK even for constant loading frequency and waveform. The implication is that 
a non-unique relationship is expected between da/dN and AK at elevated 
temperatures at loading frequencies where creep occurs. It is shown that the 
use of Ct is most appropriate parameter for describing the time-dependent 
contribution to the overall crack growth rates. Considerable creep-fatigue 
crack growth data from several sources are used to support these arguments. 
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